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Requirements  for  the  Doctor  of  Philosophy 

DETECTION  OF  A SINGLE  MOLECULE  IN  A CAPILLARY 
BY  LASER-INDUCED  FLUORESCENCE 

By 

YUAN-HSIANG  LEE 
AUGUST  1994 

Chairperson:  James  D.  Winefordner 
Major  Department:  Chemistry 

The  objective  of  this  dissertation  is  to  develop  a novel  laser  excited 
spectrometric  method  to  reliably  detect  a single  molecule  in  a flowing  stream  which 
is  confined  in  a capillary.  The  laser  is  tuned  to  the  rubidium  atomic  absorption  line 
at  780.023  nm  and  focused  onto  the  uncoated  part  of  the  capillary.  A heated 
rubidium  metal  vapor  filter  based  on  the  resonance  absorption  of  an  atomic  vapor 
absorbs  the  laser  specular  scatter  while  passing  the  molecular  fluorescence.  The 
fluorescence  is  then  focused  by  a microscope  objective  into  an  optical  fiber  which 
is  prealigned  to  the  detector.  Raman  scatter  is  reduced  by  flowing  the  molecules 
in  the  small  probe  volume.  Background  fluorescence  is  virtually  eliminated  by 
working  in  the  near-infrared.  The  excitation  source  is  a Ti:sapphire  laser  with  a 
linewidth  narrower  than  the  rubidium  atomic  absorption  bandwidth.  The  detector 


is  a single  pholon  avalanche  photodiode  with  high  photon  detection  efficiency  and 

The  concept  of  single  molecule  detection  is  addressed  in  terms  of  limit  of 
detection,  limit  of  guarantee,  intrinsic  noise,  extrinsic  noise,  as  well  as  detection 
efficiency  and  measurement  efficiency.  The  generalized  Lorentzian  approximation 
for  Voigt  line  shape  is  used  to  simulate  the  absorption  profile  of  the  rubidium  metal 
vapor  filter  at  different  temperatures.  The  absorbance  of  the  rubidium  metal  vapor 
filter  at  170  °C  is  measured  to  be  8. 

A photostability  study  of  IR140  molecules  dissolved  in  methanol  is 
evaluated  to  optimize  laser  power  and  molecular  transit  time  in  the  probe  volume. 
The  linear  range  of  calibration  curve  is  from  1.5x10  " M to  1.5x10*  M which 
corresponds  to  1 to  10,000  molecules  per  transit  time  in  the  probe  volume.  A 
statistical  model  based  on  the  Poisson  distribution  has  been  successfully  applied 
to  describe  the  detected  events  coming  from  single  molecules.  A weighted 
quadratic  summing  filter  is  used  to  extract  the  individual  photon  bursts  from  single 
molecules.  The  average  number  of  signal  counts  from  single  IR140  molecule  is 
estimated  to  be  5.4,  6.6,  and  9.1  for  laser  powers  of  50  mW,  100  mW,  and  150 


mW. 


CHAPTER  1 
INTRODUCTION 


Overview 

There  has  been  a concerted  effort  to  push  the  detection  limit  of  molecules 
In  solution  to  single  molecule  level.  Detection  of  a single  molecule  in  solution  has 
been  achieved  with  a variety  of  experimental  schemes,  all  involving  efficient  laser 
excitation  and  fluorescent  detection.  The  development  of  the  lasers  makes  it 
feasible  to  detect  and  identify  individual  molecules  by  laser-induced  fluorescence 
(UF)  photon  burst  detection.  As  a molecule  passes  through  a focused  laser 
beam,  it  is  repeatedly  cycled  between  the  ground  electronic  state  and  the  excited 
electronic  state  with  the  emission  of  a photon  on  each  cycle  (Figure  1-1).  The 
photon  burst  size  can  be  thousands  or  hundreds  of  thousands  of  photons, 
ultimately  limited  by  the  photostability  of  the  molecule. 

This  dissertation  will  address  an  important  concept  in  single  molecule 
detection.  That  is  how  to  improve  the  efficiency  of  detecting  all  the  molecules  in 
a sample  In  contrast  to  just  those  that  pass  through  the  probe  volume.  In  previous 
experiments  for  single  molecule  detection,  most  of  the  molecules  did  not  pass 
through  the  excitation  laser  beam  and  as  a result  the  overall  detection  efficiency 
was  low.  Our  unique  approach  is  to  confine  the  molecules  in  a capillary  tube,  to 


e 
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irradiate  the  entire  internal  diameter  of  the  capillary  with  the  excitation  laser  beam, 
and  to  absorb  the  laser  specular  scatter  with  a metal  vapor  filter. 

Sensitive  fluorescence  detection  in  solution  is  limited  by  the  background 
noise  sources  from  the  optics  and  the  solvent.  The  central  problem  of  isolating  the 
molecular  fluorescence  from  background  luminescence  and  Raman  scatter  is 
overcome  by  reducing  the  probe  volume  to  the  smallest  possible  size.  The 
reduction  in  the  probe  volume  can  be  achieved  by  optically  restricting  the 
illuminated  and/or  observed  volume,  by  physically  decreasing  the  size  of  sample 
confinement  or  by  a combination  of  these  techniques.  Various  experimental 
schemes,  such  as  sheath  flow  cell  and  electrodynamic  levitated  microdroplets  have 
been  applied  as  the  sample  confinement  for  single  molecule  detection  (SMD). 

Mi5tQ.riS3LB.ackgrQ.unti 

Gas-phase  detection  of  single  atoms  by  resonance  ionization  and 
fluorescence  spectroscopy  was  demonstrated  by  Hurst  et  al.’  and  Pan  et  al.' 
Single  molecules  doped  in  solid  matrices  have  been  detected  at  low  temperatures 
by  Moemer  et  al.,1  Orrit  et  al.,‘  and  Betzig  et  al..1  Detection  of  a single  molecule 
in  liquid  solution  at  room  temperature  presents  many  new  challenges  and 
applications.  A history  of  the  approach  to  single  molecule  detection  in  solution  is 
given  in  Figure  1-2.  The  pioneering  work  of  Hirschfeld  has  demonstrated  that  UF 
has  the  sensitivity  of  detecting  a small  number  of  fluorescent  molecules.8  Dovichi 
et  al.  (Keller's  group  at  Los  Alamos  National  Laboratory)  modified  the  flow 
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Figure  1-2  History  of  single  molecule  detection  in  solution. 


cytometer  and  was  able  to  detect  attogram  quantities  of  aqueous  rhodamine  6G 
(R-6G)  by  LIF  analysis.  A detection  limit  of  28  attograms  (35,000  molecules)  was 
obtained.  The  detection  limit  in  concentration  was  1.4x10  ” M.  During  the  1 -sec 
measurement  period,  the  total  volume  sampled  was  0.42  pL.  On  average,  only 
half  of  a R-6G  molecule  was  presented  in  the  6 pL  probe  volume.  Dovichi  et  al. 
(Keller’s  group)  suggested  LIF  as  an  approach  for  SMD  in  solution.'  Recognizing 
that  a greater  S/N  could  be  obtained  by  reduction  in  the  effective  sample  volume, 
they  achieved  a detection  limit  of  22,000  R-6G  molecules  by  using  a 
hydrodynamically  focused  sheathed  flow  to  reduce  the  probe  volume  (1 1 pL).  At 
the  detection  limit,  the  probability  of  R-6G  molecules  being  in  the  probe  volume  is 
about  0.6.  In  an  attempt  to  minimize  solvent  fluorescence  and  Raman  scatter, 
Kirsch  et  al.  (Winefordner’s  group  at  the  University  of  Florida)  were  able  to  detect 
8,000  R-6G  molecules  with  a relatively  simple  and  highly  sensitive  laser  fiuorometric 
system  where  the  R-6G  molecules  were  adsorbed  onto  the  surface  of  small  silica 
spheres  (10-pm  diameter)  and  viewed  individually  with  a fluorescence  microscope.1 
Meanwhile  improvements  were  made  in  the  light  collection  efficiency  of  the  flow 
cytometer,  which  permitted  a detection  limit  equivalent  to  125-150  fluorophores.' 
Mathies  et  al.  (University  of  California,  Berkeley)  pointed  out  that  the 
photodestruction  yield  is  a limiting  factor  in  attaining  ultimate  sensitivity  with  a 
maximum  signal-to-noise  ratio.’1  They  were  able  to  detect  an  emission  spectrum 
arising  from  3 molecules  of  B-phycoerythrin  (B-PE),  a large  molecule  containing 
the  equivalent  of  25  R-6G  chromophores,  in  a probe  volume  of  10  pL.  The 


fluorescence  signal  from  3 B-PE  molecules  Is  several  times  that  of  the  solvent 
background  and  clearly  resolved  from  the  water  Raman  band.  These  results 
indicated  that  B-PE  is  a very  promising  label  for  single  molecule  fluorescence 
detection.  By  using  the  LIF  in  hydrodynamically  focused  flow,  Nguyen  et  al. 
(Keller's  group)  was  able  to  indirectly  verify  the  detection  of  single  B-PE  molecules 
as  each  molecule  transited  a focused  laser  beam  with  180  vs  transit  time."  With 
similar  instrumentation,  Nguyen  et  al.  (Keller’s  group)  demonstrated  a detection 
limit  of  800  R-6G  molecules  in  the  0.6  pL  probe  volume  during  a 1 second  counting 
interval.”  Peck  et  al.  (Stanford  University)  observed  non-random  features  in  the 
autocorrelation  of  the  signal  collected  with  the  passage  of  single  B-PE  molecules 
and  indicated  that  they  had  achieved  a detection  efficiency  of  15%.  ” The 
autocorrelation  function  reveals  single  molecule  events  and  provides  a criterion  for 
optimizing  experimental  parameters.  Based  on  the  fluorescence  detection  of  single 
molecule,  Jett  et  al.  (Keller's  group)  initiated  an  approach  for  high  speed  DNA 
sequencing."  The  projected  rate  of  sequencing  is  several  hundred  bases  per 
second  which  is  orders  of  magnitude  faster  than  existing  methods.  With  the 
improved  sensitivity  for  cw  laser  experiments,  Hahn  et  al.  (Keller’s  group)  have 
demonstrated  the  fluorescence  detection  of  R-6G  in  aqueous  solutions  down  to  10' 
“ M with  a detection  limit  of  6x10'"  M."  The  calibration  curve  was  observed  to  be 
linear  over  4 orders  of  magnitude  and  could  be  extended  to  higher  concentrations. 
Single  molecules  of  R-6G  had  a transit  time  of  1.8  ms  through  the  11  pL  probe 
volume.  Analysis  of  the  data  indicated  that  the  signal-to-noise  ratio  for  detection 


of  a single  molecule  of  R-6G  is  1 . Using  a new  approach  in  which  a rapidly  pulsed 
laser  and  time-gated  detection  to  discriminate  against  the  Raman  and  other  prompt 
scatter  from  the  solvent  and  optics,  Shera  et  al.'6  (Keller’s  group)  and  Soper  et 
al.”  (Keller’s  group)  were  able  to  demonstrate  directly  the  efficient  detection  and 
counting  of  single  chromophore  molecules  in  aqueous  solution.  They  had 
developed  a technique  that  can  efficiently  distinguish  between  two  dye  molecules 
on  the  basis  of  differences  in  their  emission  spectra.  They  also  demonstrated  that 
fluorescence  lifetime  can  be  accurately  determined  at  the  single-molecule  level. 
Wilkerson  et  al."  (Keller's  group)  reported  the  first  measurements  of  single 
rhodamine  110  molecule  fluorescence  lifetimes  in  a flowing,  aqueous  sample 
stream.  Time-correlated  single-photon  counting,  used  in  combination  with  mode- 
locked  picosecond  pulsed  excitation,  allows  the  detection  of  single  fluorescent 
molecules  in  the  presence  of  significant  solvent  Raman  and  Rayleigh  backgrounds. 
The  fluorescence  lifetime  of  a detected  molecule  is  estimated  from  the  record  of 
arrival  times  (relative  to  the  excitation  pulse)  of  photons  detected  during  the 
molecule’s  passage  through  the  1 pL  excitation  volume.  With  near  Infrared  (near- 
IR)  excitation  and  detection  to  reduce  the  fluorescence  impurity  contribution  to  the 
background,  Soper  et  al.  (Keller’s  group)  have  reported  the  first  observation  of  the 
photon  bursts  arising  from  single  near-IR  dye  molecules  (IR132)  transiting  through 
a focused  Gaussian  laser  beam  in  solution  with  a high  detection  efficiency."1  Near- 
IR  excitation  and  detection  were  used  to  reduce  the  fluorescent  impurity 
contribution  to  the  background,  which  time-gating  and  spectral  filtering  can  not 


overcome  in  most  oases.  The  single  molecule  detection  efficiency  for  the  near-IR 
dye  IR132  was  found  to  be  approximately  97%,  a significant  improvement  when 
compared  to  the  detection  efficiency  for  the  visible  dye  R-6G.  The  average  number 
of  photons  detected  per  molecule  for  the  near-IR  dye  was  determined  to  be 
approximately  18.  Recently,  Telllnghuisen  et  al.  {Keller's  group)  have  shown  that 
it  was  possible  to  record  temporal  data  for  individual  fluorescent  molecules  of 
Rhodamine  1 1 0 dye  in  a stream  of  methanol.”  The  radiative  lifetime  of  Rhodamine 
110  in  methanol  Is  estimated  to  be  4.2  1 0.2  ns. 

Instead  of  using  a sheath  flow  to  confine  the  sample  flow,  Whitten  et  al.” 
(Ramsey's  group  at  Oak  Ridge  National  Laboratory)  used  the  laser-excited 
fluorescence  from  electrodynamically  levitated  microdropletes  to  detect  small 
numbers  of  R-6Q  molecules.  The  small  sample  volume,  typically  a few  picoliters, 
reduces  the  background  due  to  Raman  and  fluorescence  emission  from  solvent 
and  impurities.  With  514.5-nm  excitation  from  an  argon  ion  laser,  as  few  as  12 
molecules  have  been  detected  in  glycerol-water  droplets  with  a signal-to-noise  ratio 
of  3 for  a single  molecule  of  R-6G  contained  in  a 1-pL  volume  (droplet  diameter  of 
12  pm).  Ng  et  al.  (Ramsey's  group)  have  presented  experimental  results 
demonstrating  the  detection  of  single  B-PE  molecules  in  the  levitated  microdroplet. 
Single  B-PE  molecules  are  detected  with  a signal-to-noise  ratio  greater  than  4.” 

With  a very  simple  capillary  based  experimental  system,  Johnson  et  al.” 
(Winefordner’s  group)  used  a diode  laser  to  induce  fluorescence  of  near-IR  dyes 
(IR140)  in  a flowing  stream.  The  linear  dynamic  range  was  6 orders  of  magnitude. 


The  best  limit  of  detection,  46,000  molecules,  was  achieved  with  a liquid  jet.  With 
some  simple  improvements  on  the  above  system,  Lehotay  et  al."  (Winefordner's 
group)  attained  a detection  limit  of  3000  IR140  molecules  in  a 250  pL  probe 
volume.  Using  a metal  vapor  filter  to  absorb  the  laser  specular  scatter,  Lehotay 
(Winefordner's  group)  had  approached  single  molecule  detection  with  a limit  of 
detection  of  800 IR140  molecules  flowing  in  a capillary .*  Through  the  experimental 
modifications,  Lee  et  al.  (Winefordner’s  group)  has  been  able  to  improve  the 
detection  limit  to  the  single  molecule  level.*1' 


There  are  numerous  potential  analytical  applications  for  single  molecule 
detection,  including  DNA  sequencing,**  flow  cytometry,”  immunoassay,  and 
miniaturized  chemical  separation  techniques  involving  capillary  electrophoresis, 
open  tubular  capillary  liquid  chromatography,  and  packed  capillary  liquid 
chromatography.  An  increase  in  the  sensitivity  of  fluorescence  detection  to  single 
molecule  level  will  have  a significant  impact  on  many  fields. 

DNA  Sequencing 

A worldwide  effort  is  now  in  progress  with  the  ultimate  goal  of  determining 
the  entire  nucleotide  base  sequence  of  the  human  genome.  The  magnitude  of  this 
task  is  apparent  when  one  considers  that  there  are  3x10*  bases  in  the  human 
genome.  Standard  procedures  using  electrophoresis  for  the  separation  and 


identification  of  the  DNA  bases  are  slow  and  labor  intensive.  With  the  current 
state-of-the-art  techniques,  where  the  sequencing  rate  is  50,000  DNA  bases  per 
day,  it  will  take  at  least  160  years  to  sequence  the  entire  humane  genome.  The 
problem  is  much  larger  because  the  humane  genome  will  need  to  be  sequenced 
many  times  to  determine  variabilities  among  individual  DNA  bases. 

Using  a completely  different  approach,  the  ability  to  detect  single  fluorescent 
molecules  in  a flowing  sample  stream  may  lead  eventually  to  a clinical  instrument 
capable  of  sequencing  large  fragments  of  DNA  rapidly  for  diagnosis  of  genetic 
diseases.  This  approach  will  involve:  (1)  labeling  the  nucleotides  with  base  specific 
tags  suitable  for  fluorescence  detection,  (2)  selecting  a desired  fragment  of  DNA, 
(3)  suspending  the  single  DNA  fragment  in  a flowing  sample  stream,  (4) 
sequentially  cleaving  labeled  bases  from  the  free  end  of  the  DNA  fragment  using 
a cutting  enzyme,  and  (5)  detecting  and  identifying  the  cleaved,  labeled  bases  as 
they  flow  through  a focused  laser  beam.  If  the  task  of  single  molecule  detection 
is  successful  (for  example  1 fluorescent  molecule  per  1-ms  transit  time),  the  rate 
for  DNA  sequencing  will  be  at  least  1000  times  faster  than  the  current  techniques. 


The  ability  to  detect  a single  molecule  would  revolutionize  many  aspects  of 
biomedical  applications,  particularly  immunological  methods.  In  recent  years, 
developments  in  laser  based  fluoroimmunoassay  techniques  have  been  limited  by 
either  the  number  of  receptor  sites,  steric  hindrance  from  the  antibody,  or  non- 


specific  interactions  between  antibody  and  antigen.  Therefore,  it  is  important  to 
develop  a separation-free  fluoroimmunoassay  that  combines  the  specificity  of 
ligand/receptor  interactions  with  the  sensitivity  of  single  molecule  detection  to 
provide  an  analytical  technique  with  the  potential  of  detecting  a single  specie 
ranging  from  chemical  reagents  to  pathogens.  The  sensitivity  of  the 
fluoroimmunoassay  will  be  increased  if  the  individual  fluorochrome  can  replace 
relatively  large  tags,  such  8S  fluorescent  spheres.  The  ligand  is  labelled  with  the 
green-fluorochrome  (donor)  and  the  receptor  is  labelled  with  the  red-fluorochrome 
(acceptor).  The  acceptor  will  generate  fluorescence  on  the  receptor  only  when  the 
ligand  binds  to  the  receptor.  Electronic  excitation  energy  can  be  transferred  from 
a donor  to  a suitable  acceptor  provided  that  the  emission  spectrum  of  the  donor 
overlaps  the  absorption  spectrum  of  the  acceptor.  Such  a transfer  can  occur  over 
distance  of  1 to  10  nm.  The  rate  of  energy  transfer  depends  on  the  inverse  sixth 
power  of  the  separation  between  the  donor  and  the  acceptor.  In  very  dilute 
solutions,  the  majority  of  unbound  ligands  are  too  far  from  the  receptor  to  enable 
the  transfer  of  energy.  Therefore,  bound  ligands  activate  fluorescence  but  free 
ligands  do  not,  obviating  the  need  for  any  of  the  traditional  tedious  separation 
procedures.  Many  potential  donor/acceptor  combinations  are  possible  for  use  in 
the  visible  and  near-IR.  Since  ligand/receptor  interactions  are  sensitive  to  their 
microenvironment,  time-resolved  and  polarization  techniques  are  able  to 
discriminate  background  emission  from  the  fluorescence  signal.  In  summary,  a 
fluorescent  excitation  transfer  Immunoassay  with  the  ability  to  detect  a single 


molecule  would  significantly  contribute  to  the  human  genome  program  and  clinical 
genetic  analysis,  , 


In  some  cases,  cell  labeling  and  analysis  is  limited  by  the  number  of 
receptor  sites  or  by  steric  hindrance  from  the  antibodies  used  in  present  tagging 
procedures.11  A method  with  the  ability  to  detect  single  (or  a few)  chromophores 
would  provide  more  information  about  the  structure,  function,  and  health  of  cells 
such  as  DNA/RNA  content,  membrane  potential,  pH  value,  calcium  concentration, 
energy  transfer  process,  and  solvent  polarity. 

General  Molecule  Detection 

The  specificity  of  antibody-antigen  interactions  is  being  combined  with  the 
sensitivity  of  fluorescence  detection  to  provide  analytical  techniques  with  a potential 
for  detecting  species  ranging  from  chemical  agents  and  hazardous  molecules  to 
pathogens.  The  sensitivity  of  the  antibody/antigen  techniques  will  be  increased 
if  individual  chromophores  can  replace  the  relatively  large  tags  used.  For  example, 
phycoerythrin  is  1,000  times  smaller  than  the  0.1-pm  fluorescent  microspheres 


currently  used.  In  addition,  multiple  color  tagging  and  interrogation  could  I 


High-Performance  Liquid  Chromatography  (HPLC)33  and  flow  injection 
analysis"  have  become  important  tools  in  analytical  and  separation  chemistry. 
Current  sensitivity  and  selectivity  are  limited  by  fluorescence  probe  volumes  at  the 
exit  of  the  column.  Typical  probe  volumes  for  HPLC  are  8-10  pL,  while  probe 
volumes  as  small  as  50x10"“  liter  have  been  reported  for  focused  flow  techniques.” 
If  single  molecule  can  be  detected  and  identified,  the  mating  of  high-performance 
liquid  chromatography  and  flow  injection  analysis  with  small  probe  volume  may 
make  a significant  contribution  to  clinical  analysis.35-* 


In  flow  cytometry,  the  limit  in  the  number  of  molecules  that  can  be  detected 
on  a cell  is  not  sensitivity  but  interference  from  autofluorescence.  Although  several 
techniques  have  been  developed  for  distinguishing  fluorescence  associated  with 
the  tags  from  autofluorescence,  excitation  and/or  detection  in  near-IR  will  benefit 
from  the  reduction  In  background  noise  sources.3'  * 


In  this  work,  the  emphasis  is  placed  on  the  reliable  measurement  of  a single 
molecule  in  a capillary.  A major  advantage  of  this  approach  is  that  the  capillary  will 
facilitate  the  analysis  of  extremely  small  volumes  of  solution.  Furthermore,  the 
extremely  small  physical  dimensions  encountered  in  a capillary  column  also  require 


detection  be  performed  on-column,  which  excludes  the  utilization  of  sheathed  flow 
cells  and  other  types  of  external  flow  cells. 

In  addition,  the  use  of  a near-IR  laser  as  a UF  excitation  source  is  attractive 
since  absorption  is  negligible  for  almost  every  type  of  matter,  such  as  flow  cell 
material,  solvent,  and  most  Impurities.  This  is  advantageous  because  background 
fluorescence  from  these  materials  does  not  impose  limitations  on  achieving  a low 
detection  limit. 

However,  studies  at  the  single  molecule  level  using  an  ultramicro  quartz 
capillary  tube  for  sample  confinement  have  not  been  done,  in  large  part  because 
of  the  difficulty  in  discriminating  against  the  high  level  of  laser  specular  scatter 
caused  by  the  capillary.  Rejection  of  laser  specular  scatter  has  been  one  of  the 
most  Important  considerations  for  ultratrace  analysis  using  UF.  An  ideal  optical 
filter  for  laser  specular  scatter  would  have  to  show  nearly  full  absorption  at  the 
input  laser  wavelength  while  maintaining  transparency  over  the  luminescence  band. 
The  metal  vapor  filter  (MVF)  Is  a promising  optical  filter  for  rejecting  narrow-band 
laser  specular  scatter  based  on  the  resonance  absorption  of  an  atomic  vapor.  The 
MVF  is  simply  a heated  quartz  cell  with  parallel  windows  containing  an  inert  gas 
and  a volatile  metal  with  a resonance  atomic  absorption  line  at  the  input  laser 
wavelength.  This  MVF,  depending  on  its  composition,  is  heated  to  an  appropriate 
temperature  in  order  to  produce  a sufficient  number  density  of  metal  atoms  to 
absorb  efficiently  all  detectable  laser  specular  scatter.  Therefore,  the  metal  atoms 
in  the  MVF  provide  a nearly  perfect  optical  filter  for  laser  specular  scatter  as  long 


as  the  laser  can  be  tuned  to  the  metal  vapor  absorption  peak  and  the  laser 
linewidth  is  narrower  than  the  absorption  bandwidth  of  the  MVF.  Compared  with 
conventional  laser  line  re]ection  filters,  such  as  a monochromator  and  notch  filter, 
MVFs  offer  such  advantages  as  low  cost,  high  absorbance,  large  signal  collection 
solid  angle,  narrow  absorption  bandwidth,  and  high  signal  throughput.  Recently, 
several  MVFs  have  been  demonstrated  to  be  effective  in  eliminating  laser  specular 
scattering  for  Raman  spectroscopy.*"0 

The  significance  of  this  work  is  in  the  development  of  a novel  UF 
spectroscopic  technique  to  reliably  detect  a single  near-IR  molecule  (IR140)  flowing 
through  a small  probe  volume  (1 .05  pL)  within  a capillary.  The  laser  is  tuned  to  the 
rubidium  atomic  transition  line  at  780.023  nm  and  focused  onto  the  uncoated  part 
of  a capillary.  A heated  rubidium  (Rb)  metal  vapor  filter  absorbs  the  laser  specular 
scatter  while  passing  the  molecular  fluorescence.  The  excitation  source  Is  a 
Trsapphire  ring  laser  with  a linewidth  narrower  than  the  rubidium  atomic  absorption 
bandwidth.  The  detector  is  a single  photon  avalanche  photodiode  with  high 
photon  detection  efficiency  and  low  dark  count  rate.  Because  of  the  importance 
of  the  metal  vapor  filter,  the  characteristic  of  the  Rb  MVF  is  evaluated  theoretically 
and  experimentally.  The  events  coming  from  the  arrival  of  single  molecules  are 
described  by  a statistical  model  based  on  the  Poisson  distribution.  A weighted 
quadratic  filter  is  applied  to  extract  the  photon  bursts  from  individual  single 
molecules  as  they  pass  through  the  laser  beam.  Detection  of  a single  molecule 
in  a capillary  with  high  measurement  efficiency  is  demonstrated. 


CHAPTER  2 

CONCEPT  OF  SINGLE  MOLECULE  DETECTION 
Introduction 

The  ability  to  detect  single  molecules  is  largely  governed  by  the  signal-to- 
noise  ratio  (S/N)  of  the  measurement.  Kaiser  has  developed  a statistical  approach 
for  the  detection  limit,  which  is  defined  as  the  concentration  or  amount  of  an 
analyte  that  gives  a S/N  of  k,  where  k is  the  statistical  confidence  level."  The  limit 
of  detection  (LOD,  k=3)  corresponds  to  an  S/N  = 3,  the  limit  of  guarantee  of 
purity  (LOG,  k=6)  to  an  S/N  = 6.  The  reciprocal  of  S/N  times  100  is  the 
percentage  relative  standard  deviation  (%RSD)  of  the  measurement.  Figure  2-1 
shows  the  Gaussian  probability  distributions  of  signal  due  to  blank  (X,),  and 
analyte  (X,  at  LOD,  X,=3at +X,,  X,  at  LOG,  X,=6on+X,)‘!"  It  is  assumed  that  the 
noise  (o„)  is  the  same  on  the  blank  and  on  the  analyte  measurements  near  the 
detection  limit.  The  limit  of  detection  X,  is  associated  with  an  a - chance  of  false 
positive  detection  (mistaking  a blank  measurement  for  the  analyte).  The  analyte 
Is  present  at  a concentration  or  amount  that  gives  a signal  at  the  limit  of 
guaranteed  detection  X,  that  is  associated  with  a p - chance  of  giving  rise  to  a 
measurement  below  X (false  negative,  mistaking  the  presence  of  analyte  for  the 
blank).  Thus  these  two  approaches  to  detection  limit  (LOD  and  LOG)  are  a figure 
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Figure  2-1  Concept  of  LOD  (A)  and  LOG  (B). 


of  merit  that  describe  the  detection  power  of  an  analytical  method.  In  practical 
applications,  the  value  of  detection  limit  indicates  the  level  of  analyte  that  might  be 
discerned  from  the  background  noise.  If  measured  carefully,  the  LOD  and  LOG 
can  give  an  objective  comparison  of  the  detection  power  of  different  analytical 
methods.  The  LOD  has  a low  probability  of  false  positives  (o,  type  I error),  0.14%, 
but  a high  probability  of  false  negatives  Ifi,  type  II  error),  50%.  The  LOG  is  a more 
conservative  analytical  figure  of  merit  which  has  very  low  probability  of  a false 
positives  (a,  type  I error),  below  0.14%,  and  a low  probability  of  a false  negatives 
Ifi,  type  II  error),  about  0.14%.  This  means  that  when  the  analyte  is  present  in  the 
sample  at  the  LOD  value,  fully  50%  of  the  measurement  will  fall  below  X*  even 
though  there  is  only  a 0.14%  probability  that  the  measurement  of  a blank  will  give 
a false  positive.  On  the  other  hand,  If  the  analyte  is  present  at  the  LOG  value, 
measurement  on  the  sample  will  be  always  detected  above  X,  at  the  99.86% 
confidence  level. 

The  first  theoretical  treatment  for  the  concept  of  detection  limit  that 
applicable  to  single  molecule  detection  was  developed  by  Alkemade"*’  In  terms 
of  Intrinsic  and  extrinsic  detection  limits,  Winefordner  et  al."*1  and  Stevenson  et 
al have  shown  theoretically  that  laser-induced  fluorescence  (UF)  is  the  only 
viable  approach  for  single  molecule  detection.  Methods  which  have  achieved 
single  molecule  detection  using  LIF  are  usually  based  on  a "cyclic'  interaction  of 
molecule  and  laser,  and  each  molecule  produces  a relatively  large  number  of 
photons  during  its  interaction  with  the  laser  (see  Chapter  1 laser-induced 


fluorescence  photon  burst  detection).  An  ideal  technique  for  single  molecule 
detection  will  meet  the  following  demands  simultaneously: 

0)  the  efficiency  of  detection,  e„  and  the  efficiency  of  measurement,  £„,  are 

pi)  intrinsic  noise  dominates  extrinsic  noise. 


Alkemade  defined  the  detection  efficiency  as  the  probability  that  any  given 
species  appearing  in  the  probe  volume  produces  an  event  during  the  transit 
time."  " The  probe  volume  was  determined  by  the  geometry  of  the  pntersecting) 
laser  beam  and  by  the  part  of  the  Irradiated  region  that  is  "seen"  by  the  detector. 
In  the  Alkemade  approach,  the  transit  time  was  determined  by  the  pulse  duration 
or  the  width  of  the  time  gate  In  case  a time-gating  circuit  is  applied,  whichever  is 
the  shorter.  Multiple  probings  are  obtained  by  firing  many  laser  shots.  In  addition, 
Alkemade  was  concerned  only  with  those  cases  when  there  were  no  extrinsic 

Winefordner  et  al.“  “ and  Stevenson  et  al.“'"  “ have  developed  a theory  to 
take  into  account  the  transit  time  of  a single  molecule  within  the  probe  volume  and 
the  presence  of  extrinsic  noise  sources.  When  compared  with  Alkemade’s 
concepts,  Winefordner’s  are  more  general  in  two  important  aspects: 

(l)detection  efficiency  is  defined  with  respect  to  a transit  time  of  the 
molecules  in  the  probe  volume,  not  simply  over  a single  "probing-  of  the 


(2)detection  efficiency  considers  the  need  to  defect  the  signal  due  to 
analytes  over  the  extrinsic  noise. 

Therefore,  the  detection  efficiency  is  defined  as  the  probability  that  a given  analyte 
appearing  in  the  probe  volume  produces  a signal  that  is  detected  above  the 
background  noise  (if  any)  during  the  transit  time  of  the  analytes  within  the 
observation  region. 

The  general  definition  of  the  detection  efficiency,  ea,  is  determined  by  the 
interaction  of  single  molecules  with  the  laser  during  the  measurement  time,  T„  : 
cd- P(X,*Xa)  (2-1) 

where  P(X,  > XJ  is  the  probability  that  the  analyte  measured  is  greater  than  the 
detection  limit  measured,  predefined  for  false  positives.  The  term  X,  is  the  number 
of  signal  counts  at  the  detection  limit  and  X,  is  the  number  of  signal  counts 
produced  by  a molecule  during  the  measurement  time  T„,  Assuming  there  is  a 
Poisson  detection  process,  the  probability  of  a single  molecule  producing  the 
single  molecule  events  is  given  by : 

P(x,*xd)  = 1 - e*-H  (2-2) 

where  <p,  is  the  mean  flux  of  signal  from  a given  molecule  (counts  s'1  molecule  '), 
and  At,  is  the  interaction  time  (transit  time)  of  each  molecule  within  the  laser  beam. 
Note  that  the  measured  sensitivity,  X,-X„,  Is  equal  to  ipfit,  in  equation  (2-2).  For 


single  molecule.  The 


a UF  method,  is  the  rate  (s  ')  of  detected  events  from  a s 
general  definition  of  single  molecule  detection  is  that  the  method  detects  each  and 
every  molecule  that  interacts  with  the  laser.  Therefore: 

f,i'  -P  (2-3) 

where  0 is  the  probability  of  the  false  negatives  (type  II  error). 

The  detection  limit  can  be  used  to  define  the  requirement  for  achieving 
single  molecule  detection  with  LIF  : 

X,^  Xd-  X„  (2-4) 

where  X„  is  the  mean  background  flu*.  Table  2-1  gives  the  measurement 
sensitivity,  X,,  required  to  detect  single  molecules  using  UF  at  various  mean  blank 
signal  levels  (a<0.0014  for  LOD  and  0*0.0014  for  LOG).  For  example,  at  the 
intrinsic  noise  limit  (X„=0),  a value  of  X,=1  count  molecule'1  and  X,=6.6  counts 
molecule'1  is  needed  to  detect  a single  molecule  event  for  LOD  and  LOG, 
respectively.  This  means  that,  in  order  to  detect  every  molecule  that  crosses  the 
laser  with  99.86%  confidence  (LOG),  then  each  molecule  must  emit  enough 
photons  so  that,  on  average,  6.6  counts  are  registered  for  the  molecule  by  the 
detector.  As  the  background  level  increases,  eg.,  to  1 count,  the  number  of 
analyte  counts  from  a single  molecule  above  the  blank  increases  to  5 counts 
molecule'1  (total  5+1  counts  molecule'1)  at  LOD  and  15  counts  molecule'1  (total 
15+1  counts  molecule'1)  at  LOG. 


Efficiency 


The  overall  measurement  efficiency,  e„,  is  defined  as  the  probability  that  a 
given  analyte  in  the  sample  is  detected  above  the  background  noise  in  the 
observation  region.  The  measurement  efficiency,  em,  is  related  to  the  detection 
efficiency,  e„,  by  the  following  equations  : 

(2-5) 

(2-6) 

where  e,  is  the  transfer  efficiency  of  the  sample  from  the  point  of  introduction  to 
the  probing  region  and  e,  is  the  probing  efficiency  which  is  composed  of  a spatial 
probing  efficiency,  e„,  and  a temporal  probing  efficiency,  e,  (see  equation  (2-6)). 
The  spatial  probing  efficiency,  «„  accounts  for  the  loss  of  analyte  species  without 
passing  the  laser  excitation  and/or  observation  region.  The  temporal  probing 
efficiency,  e„  is  unity  for  a cw  source  or  a pulsed  source  which  is  at  a repetition 
rate  sufficiently  high  such  that  each  analyte  species  interacts  with  at  least  one  laser 
pulse  while  passing  through  the  observation  region.  Unlike  e„,  the  value  of  «„  is 
related  to  analyte  concentration  in  the  sample  and  may  be  less  than  unity  even  if 
= 100%  since  em  accounts  for  analyte  losses  between  the  sample  and  the 
detection  region  and  for  insufficient  spatial  and  temporal  probing  of  analytes  as 
they  appear  within  the  probe  volume. 

Even  if  single  molecule  detection  with  high  detection  efficiency  has  been 


in  the  sheathed  flow  cell,  the  measurement  efficiency  may  be  far 


than  unity.  In  the  approach  using  the  sheathed  flow  cell,  the  hydrodynamic 
focusing  sample  stream  Is  flowing  through  a square  sheathed  flow  cell  to  minimize 
the  laser  specular  scatter  caused  by  the  optical  materials.'””-"  Furthermore,  as 
shown  in  Figure  2-2,  the  laser  beam  only  probes  a small  portion  of  sample  stream 
to  reduce  the  Raman  and  background  scatter  from  the  solvent  and  the  optical 
materials.  A spatial  filter  (slit)  placed  before  the  detector  only  images  a small 
region  of  probe  volume  to  reduce  the  amount  of  laser  scatter  generated  at  the  air- 
glass  interface.  Therefore,  the  spatial  probing  efficiency  for  single  molecule 
detection  in  a sheathed  flow  cell  is  only  0.01%  which  means  approximately  0.01% 
of  those  molecules  that  pass  through  the  flow  cell  are  detected  even  if  detection 
efficiency  is  unity  (eo=1.00).  This  single  molecule  detection  with  low  measurement 
efficiency  (due  to  low  spatial  probing  efficiency)  is  not  appropriate  for  such 
applications  as  DNA  sequencing  where  detection  of  every  DNA  base  is  essential. 

When  compared  with  the  sheathed  flow  cell  method,  this  work  uses  the 
laser  beam  to  Illuminate  the  whole  sample  stream  which  is  confined  in  a capillary 
as  shown  in  Figure  2-3.  Therefore,  every  molecule  passed  through  the  capillary 
flow  cell  should  be  detected  with  near  unity  measurement  efficiency  (e  J. 


For  LIF  detection,  the  number  of  detected  photoelectrons,  N„  is  given  by 


n.  = yNm 


(2-7) 


Sample  Stream 


where  N,  is  the  number  of  detected  photoelectron  counts  during  the  transit  time, 
Y is  the  measurement  sensitivity,  in  photoelectron  counts/molecule,  and  N„  is  the 
number  of  molecules  detected  in  the  sample  during  the  transit  time  in  the  probe 
volume.  The  measurement  sensitivity  Y is  given  by 

Y--  (2-8) 

where  «,  is  the  mean  flux  of  detected  events,  in  photoelectron  counts/sec  and  At, 
is  the  transit  of  molecule  within  the  probe  volume.  The  is  a function  of  emission 
transition  probability  (A),  fluorescence  collection  efficiency  (ijJ,  and  detector 
quantum  efficiency  (i)J. 

To  be  detected,  the  molecules  must  produce  a large  enough  signal,  N„  so 


N.  & Xd  - X„ 


(2-9) 


where  X,  is  total  signal  counts  (including  analyte  and  background)  at  detection  limit 
and  X„  is  the  mean  background  flux  during  the  transit  time  for  the  single  molecules 
passing  through  the  probe  volume.  Note  that  the  value  N.  is  equal  to  the  number 
of  signal  counts  from  a single  molecule  in  the  second  (LOD)  and/or  third  columns 
(LOG)  of  Table  2-1 . Therefore,  the  detection  limit  for  molecules  in  the  laser 
region  is  given  by 


• excited 


where  X,  is  the  total  number  of  counts  from  background  and  analyte.  Thus 
is  6.6  counts  (definition  of  LOG),  the  measurement  sensitivity  Y must  be  at  least 
6.6  counts  to  assure  a guaranteed  limit  of  one  single  molecule. 

Formal  Description  of  LIF  in  Capillary 

In  order  to  obtain  the  highest  signal  counts  in  LIF  photon  burst  detection, 
the  photoexdtation  rate  must  be  maximized  while  the  photodestruction  rate  of 
molecules  must  be  minimized."  The  photon  absorption  rate  k,  (photons  sec'' 
molecule')  by  a chromophore  having  an  absorption  cross  section  o. 
(cmVmolecule)  Illuminated  by  an  incident  beam  of  intensity  I (photons/cm!  sec) 
is  given  by 

k.  o.l  (2-11) 

The  equation  (2-1 1)  is  valid  when  the  ratio  of  excitation  is  small  compared  with  the 
excited  state  decay  rate  1/r,  where  r is  the  excited  state  lifetime  of  the 
chromophore.  The  absorption  cross  section  is  related  to  the  molar  absorbance 
coefficient  c (cm  'M  ')  by 

a.  = 3.8  x 10'a  € (2-12) 

For  a Gaussian  beam  with  a radius  to  (where  the  intensity  is  1 /e’  of  its  peak  value) 
and  power  P (photons/sec),  the  mean  Intensity  I is  equal  to  P/(ino’),  and  so 


= 3.8  X Iff* 


(2-13) 


Assuming  a nonsaturating  excitation  condition,  the  rate  of  fluorescence  emission 
k,  (photons/sec)  is  the  product  of  k,  and  the  fluorescence  quantum  yield  Q,. 
Hence, 

k,  = om  / Q,  = 3.8  x 10-*  e O,  (2-14) 

The  fluorescence  rate  of  the  molecules  can  be  calculated  using  equation  (2-14). 
For  example,  IR140  has  an  absorption  coefficient  e =2. 1x10s  cm'M'  at  an 
excitation  wavelength  of  780.023  nm.  If  a 10  mW  laser  is  used  as  the  excitation 
source  focused  to  a beam  diameter  of  11  |im,  the  excitation  power  is  3.9x10“ 
photons/sec.  In  the  case  of  Q,=1,  the  fluorescence  emission  rate  is  8x10s 
photons/sec. 

In  practice,  photodestruction  processes  limit  the  number  of  times  that  a 
given  molecule  can  be  cycled  through  the  excitation  process.  When  LIF  detection 
is  optimized  to  achieve  ultimate  sensitivity,  a more  detailed  expression  than 
equation  (2-14)  is  needed  to  estimate  the  rate  of  fluorescence.  During  high  light 
intensity  conditions,  both  ground-state  depletion,  which  is  caused  by  pumping  a 
significant  fraction  of  the  molecules  to  their  excited  state,  as  well  as 
photodestruction  from  the  excitation  state  must  be  taken  into  account.  As  an 


approximation,  the  average  number  of  photons  n,  that  a fluorescent  molecule  can 
yield  is  given  by  W5° 


(2-15) 


where  Q„  is  the  photodestruction  quantum  yield.  This  simple  result  shows  that  the 
maximum  number  of  photons  that  can  be  obtained  from  a fluorescent  molecule  is 
equal  to  the  fluorescence  quantum  yield  divided  by  the  photodestruction  quantum 
yield.  This  expression  makes  intuitive  sense  since  the  maximum  number  of 
fluorescent  photons  is  necessarily  related  to  the  branching  ratio  for  the  two 
processes  (i.e.,  fluorescence  and  photodestruction)  that  remove  population  from 
the  excited  state. 

Unfortunately,  when  the  laser  intensity  is  increased  the  signal-to-noise  (S/N) 
ratio  will  start  to  level  off.  This  is  due  to  the  fact  that  the  rate  of  photodestruction 
and  the  rate  of  fluorescence  are  not  linearly  dependent  on  the  incident  laser  power 
at  high  intensity  conditions.  Furthermore,  the  decrease  in  the  S/N  ratio  is  also  due 
to  the  fact  that  background  scattering  is  linearly  dependent  on  laser  Intensity. 
Therefore,  the  S/N  ratio  will  decrease  once  fluorescence  saturation  or 
photodestruction  occurs.  Mathies  et  al."  have  presented  a thorough  treatment  of 
high  sensitivity  LIF  detection  in  which  the  following  equations  can  be  used  for  a 
detailed  theoretical  optimization. 


(2-16) 


(2-17) 


where  k„  is  rate  of  absorption,  k,»  is  observed  rate  of  fluorescence,  r,  is  transit 
time,  and  r„  photodestruction  time.  It  is  clear  from  this  treatment  that  the 
photodestruction  quantum  yield  <p  is  an  important  figure  of  merit  in  evaluating  new 
fluorescent  labeling  dyes  and  improving  high-sensitivity  fluorescence  detection 
methods. 

Since  photodestruction  is  a critical  parameter  in  optimizing  S/N  ratio  for  high 
sensitivity  UF  detection,  knowledge  of  photodestruction  quantum  yield  ® is 
essential.  A simple  approach  for  measuring  the  photodestruction  quantum  yield 
has  been  devised  by  Mathies  et  al.5'  and  White  et  al.”  In  this  approach,  the 
fluorescence  intensity  of  the  dye  solution  is  measured  as  a function  of  the  flow  rate 
of  dye  passing  through  a capillary  tube  placed  at  the  focus  of  the  pump  laser 
beam.  The  dependence  of  the  fluorescence  intensity  on  the  flow  rate  is  related  to 


i key  parameter,  the  photoalteration  coefficient,  F,  which  is  given  by 


(2-19) 


where  e is  the  molar  absorbance  coefficient  (crn  ’M  ’),  P is  the  incident  laser  power 
(photons  s '),  Q„  is  the  photodestruction  quantum  yield,  o>  Is  focused  laser  beam 
radius  (cm),  and  u is  the  linear  flow  velocity  (cm  s ')  of  the  dye  solution  passing 
through  the  probe  volume  excited  by  the  laser  beam.  A normalized  fluorescence 
intensity  S’  can  be  calculated  such  that 

S'  - — “ [exp  - (sJ<  r2)]  x exp  - [■/2]nFf  "exp  (s1- tacts']  dsdt  (2-20) 


(2-21) 


where  S(F)  is  the  fluorescence  Intensity  observed  at  a particular  value  of  F,  S(0) 
is  the  fluorescence  intensity  that  would  be  observed  if  the  dye  molecule  were  not 
photolabile,  s is  the  relative  position  at  flow  axis,  and  t is  the  relative  position  at 
detection  axis. 

Unfortunately,  the  use  of  equation  (2-20)  for  numerical  calculations  requires 
high  computational  capacity  because  of  its  complexity.  The  equation  is,  therefore, 


rewritten  to  a more  useful  form  that  is  easy  to  implement  on  a personal  computer 


where  u is  an  integration  variable.  Measuring  S'  as  a function  of  the  flow  velocity 
will  then  reveal  the  photodestruction  quantum  yield  Q„  from  equation  (2-19)  to 
equation  (2-22). 

The  above  equations  have  been  used  to  evaluate  the  photodestruction 
quantum  yield  Q„  for  fluorescein  and  B-phycoerythrin.™  The  experimental 
parameters  for  both  visible  dye  molecules  is  given  In  Table  2-2.  The  simulated 
photodestruction  curves  using  equation  (2-22)  are  shown  in  Figure  2-4  and  Figure 
2-5  for  fluorescein  and  B-phycoerythrin.  respectively. 


Noise  in  a measurement  can  be  classified  as  either  extrinsic  or  intrinsic. 
Extrinsic  noise  is  the  excess  noise  which  arises  owing  to  a nonspecific  background 
signal  that  is  present  even  in  the  absence  of  analyte.  Extrinsic  noise  sources  are 
determined  by  such  instrumental  factors  as  dark  current,  source  light  scatter,  a 
background  emission  from  concomitants,  and  nonselective  detection  of  molecules 
in  blank.  Intrinsic  noise  represents  the  ultimate  limit  of  an  analytical  method  and 
is  determined  by  the  statistical  nature  of  the  measurement  process,  such  as  the 


(2-22) 


Noise  Sources 


discrete  nature  of  matter,  fluctuations  in  the  low  number  of  analytes  in  the  probe 


Table  2-2  Experimental  parameters  for  fluorescein  and  B-phycoerythrin. 


Fluorescein 

B-Phycoerythrin 

Molar  absorption  coefficient 

8.0x10“  cm'M'' 

1.4x10s  cm'M"' 

Laser  power 

2.2x10”  photons/s 

3.9x10“  photons/s 

Photodestruction  quantum  yield 

2.7x104 

1.1x10s 

Beam  radius 

4 pm 

18  iim 

Flow  Velocity  (cm/sec),  u 

Figure  2-4  The  simulated  photodestruction  curve  for  fluorescein. 


Fluorescence  Intensity,  S' 


volume,  and  shot  noise  in  analyte  signal  production.  As  intrinsic  noise  arises  from 
the  detection  of  analytes,  it  can  not  be  removed.  In  this  work,  by  reducing  all 
sources  of  background  noise,  i.e.,  by  excitation  in  the  near-IR,  by  use  of  a metal 
vapor  filter,  by  use  of  an  appropriate  spectral  filter,  by  optimizing  the  laser 
characteristics,  intrinsic  noise  should  dominate  the  extrinsic  noise  for  single 
molecule  measurement. 

In  a counting  measurement,  it  is  possible  to  reduce  all  extrinsic  noise 
sources  to  the  extent  that  the  probability  of  registering  one  or  more  counts  from 
the  blank  is  negligible  during  the  transit  time.  For  such  an  intrinsic-noise  limit 
measurement,  the  only  noise  on  the  signal  is  due  to  the  statistical  nature  of  the 
analyte  detection  process  itself.  Signal  noise  in  an  extrinsic-noise  limited 
experiment  is  due  to  contributions  from  both  extrinsic  and  intrinsic  noise  sources. 

In  order  to  reach  the  Intrinsic  noise  detection  limit,  all  the  extrinsic  noise 
sources  must  be  minimized.  In  a typical  UF  experiment,  there  are  three  major 
limiting  sources  of  extrinsic  noise  : laser  specular  scatter,  Raman  scatter,  and 
background  fluorescence. 

In  nearly  every  laser-induced  fluorescence  analysis,  laser  specular  scatter 
constitutes  the  most  severe  source  of  noise.  In  this  work,  the  laser  scatter 
problem  becomes  worse  when  the  laser  beam  is  focused  onto  a capillary  with  a 
small  diameter.  For  example,  the  number  of  photons  delivered  by  the  10  mW  laser 
at  780.023  nm  is  approximately  4x10“  photons/sec.  Assume  only  0.1%  of 
photons  reflected  from  the  capillary  wall  is  collected  and  reach  the  detector.  This 


still  corresponds  to  at  least  10”  photons  per  transit  time  (in  this  work,  molecular 
transit  time = 1 ms)  which  Is  several  orders  of  magnitude  higher  than  the  maximum 
number  of  photons  emitted  from  a single  molecule  (10  - 1000  photons/transit 
time).  Several  types  of  optical  filters,  such  as  a monochromator,  polarizer,  spectral 
band  pass  filter,  and  spatial  filter,  have  been  applied  to  minimize  the  intense  laser 
specular  scatter.  Unfortunately,  all  the  optical  filters  above  have  drawbacks  such 
as  low  optical  density,  low  spectral  band  pass,  incident  angle  sensitivity,  and 
difficulty  of  use  (to  be  discussed  in  Chapter  3).  Therefore,  the  development  of  a 
new  optical  filters  with  high  absorbance  and  large  spectral  band  pass  is  essential 
for  single  molecule  detection.  The  metal  vapor  filter  is  a promising  optical  filter  that 
can  be  applied  to  absorb  the  intense  laser  specular  scatter  while  maintaining  high 
signal  transmittance.  According  to  absorption  theory  (to  be  discussed  in  Chapter 
3),  the  metal  vapor  filter  is  capable  of  totally  absorbing  the  laser  specular  scatter 
provided  the  laser  linewidth  is  narrower  than  the  absorption  bandwidth  of  metal 
vapor  filter.  Moreover  the  metal  vapor  filter  only  removes  the  laser  radiation  at  a 
specific  wavelength  but  does  not  hinder  the  transmittance  of  the  entire 
fluorescence  emission  band.  Because  of  its  role  in  absorbing  the  laser  specular 
scatter  from  the  collected  signal,  the  metal  vapor  filter  is  one  of  the  most  important 
experimental  components  to  attain  single  molecule  detection. 

Unlike  laser  specular  scatter,  Raman  scatter  Is  an  inelastic  process  that 
occurs  typically  with  a cross-section  of  10  ” cm'  per  molecule.”  The  large  amount 
of  Raman  scatter  from  solvent  or  impurities  produces  background  photons  that 


can  be  significantly  greater  in  number  than  the  fluorescence  photons  from  single 
molecules.  In  typical  laser-induced  fluorescence  detection,  noises  due  to  Raman 
scatter  from  the  solvent  or  impurities  become  the  limiting  source  of  noise  when  the 
laser  specular  scatter  is  reduced.  Lehotay  has  measured  the  Raman  scatter  of 
methanol  at  approximately  860  nm  when  excited  at  780.023  nm”  To  decrease  the 
number  of  solvent  or  impurity  molecules,  reducing  the  probe  volume  has  been  the 
other  approach  to  minimize  the  Raman  scatter.  In  this  work,  the  uses  of  a very 
small  probe  volume  (1.05  pL)  and  a spectral  band  pass  filter  are  applied  to 
optimize  the  S/N  ratio  for  single  molecule  detection. 

Because  of  the  large  absorption  cross  section  (approximately  10  “ cm’  per 
molecule)  of  analytes  In  visible  radiation,  several  approaches  for  single  molecule 
detection  utilizing  argon  ion  laser  have  suffered  significant  noise  problems  from  the 
background  fluorescence  of  optical  material,  solvent,  and  impurities."  To 
overcome  this  problem,  near-IR  fluorescence  detection  has  been  suggested  as  a 
viable  alternative  to  visible  fluorescence  detection  due  to  limited  number  of 
compounds  that  demonstrate  intrinsic  fluorescence  in  the  near-IR. in 
fact,  the  only  known  molecules  to  fluoresce  strongly  in  the  near-IR  are  the  cyanine 
dyes  known  as  polymethines  (to  be  discussed  in  Chapter  5).6'  When  compared 
with  the  more  commonly  used  514.5  nm  line  from  an  argon  ion  laser,  an  additional 
advantage  of  using  near-IR  excitation  is  that  the  Raman  scatter  process  is  reduced 
by  a factor  of  1 /(excitation  wavelength)1,  and  background  fluorescence  is  also 
reduced.  Therefore,  the  use  of  near-IR  as  the  excitation  source  will  benefit  single 


molecule  detection  because  of  the  substantial  reduction  in  background  noise 


sources. 


CHAPTER  3 
METAL  VAPOR  FILTER 


Introduction 

Rejection  of  laser  specular  scatter  is  the  most  important  consideration  for 
ultratrace  analysis  using  laser-induced  fluorescence.  Indralingam  et  al.  have 
reviewed  the  use  of  various  optical  filters  for  laser  scatter  rejection.*1  Different 
types  of  optical  filters  possess  some  disadvantages  in  terms  of  light  rejection 
power,  signal  throughput,  and  the  ease  of  use.  A monochromator  has  a very  high 
light  rejection  power  typically  on  the  order  of  10s.  Unfortunately,  the  spectral 
bandpass  and  the  signal  throughput  are  also  greatly  reduced  which  lowers  the 
signal  as  well  as  the  laser  scatter.  Therefore,  the  application  of  monochromator 
is  inadequate.  A spectral  filter  is  a common  approach  in  reducing  laser  scatter  in 
UF  experiments.  The  light  rejection  capability  of  band-pass  spectral  filters,  long- 
pass  spectral  filters,  and  short-pass  spectral  filters  is  approximately  10’,  which  is 
poorer  than  most  monochromators,  but  these  spectral  filters  generally  have  a 
much  greater  optical  throughput  of  the  fluorescence  signal.  Usually,  two  or  more 
spectral  filters  are  used  together  or  in  conjunction  with  a monochromator.  The 
problem  of  the  spectral  filter  is  the  low  light  rejection  power.  Polarized  filters  are 
another  approach  to  reduce  the  laser  scatter  due  to  different  polarities  of  the 


fluorescence  and  the  scattered  radiations.  Ideally,  polarized  filters  are  capable  of 
10“  rejection  of  light  polarized  90°  to  the  transmitted  light  In  practice,  polarized 
light  rejection  does  not  work  as  well  as  expected  due  to  the  lack  of  purity  of  the 
laser  scatter  polarity.  The  concept  of  spatial  filtering  has  been  successfully  applied 
to  ultratrace  analysis  for  S/N  ratio  improvement.62  With  careful  positioning  and 
focusing,  a slit  or  pinhole  can  pass  a large  portion  of  the  fluorescence  signal  while 
blocking  much  of  the  laser  scatter  arising  from  the  edge  of  the  sample 
confinement.  The  problem  with  the  spatial  filter  is  that  it  can  limit  the  probe  volume 
of  the  measurement  by  collecting  fluorescence  emission  from  only  a portion  of  the 
focused  region.  Although  the  S/N  ratio  can  be  improved,  the  measurement 
efficiency  is  below  unity.  Therefore,  spatial  filters  also  are  not  suitable  as  light 
rejecters  for  single  molecule  detection. 

The  metal  vapor  filter  is  a promising  optical  filter  for  narrow-band  laser 
scatter  based  on  the  resonance  absorption  of  an  atomic  vapor.  Metal  vapor  filters 
offer  such  advantages  as  very  high  absorbance,  a hemispherical  field-of-view,  a 
very  narrow  rejection  linewidth,  and  high  signal  throughput.  Table  3-1  Is  a list  of 
several  elements  that  could  be  of  practical  use  in  a MVFs  along  with  their  rejection 
wavelength  and  the  estimate  of  the  operation  temperature  required  for  a strong 
optical  attenuation  (absorbance  > 5).“  There  has  been  a recent  resurgence  of 
interest  in  MVFs  with  reports  of  near-IR  Raman  spectroscopy  using  alkali  metal 
vapors  to  filter  scattered  laser  light,  probably  as  result  of  the  convenience  of  the 
Ti:sapphire  laser  as  a tunable  excitation  source.  Indraiingam  et  al.  measured 


Table  3-1  Potential ; 


I vapor  filters. 


Raman  scattering  from  transparent  materials  using  a single  stage  grating 
spectrometer  and  a rubidium  metal  vapor  filter  to  absorb  any  collected  laser 
scatter.38  A rubidium  atom  possesses  a very  strong  ground  state  optical 
absorption  at  780.02  nm  and  794.76  nm,  the  wavelengths  which  can  be  easily 
accessed  using  a Ti:sapphire  laser.  Pellettier  measured  the  9.6  cm''  anti-Stokes 
band  of  1 -cystine  using  a double  monochromator  and  a Tksapphire  laser  tuned  to 
the  766.49  nm  absorption  line  of  potassium  in  a potassium  vapor  cell  for  near-IR 
laser  light  absorption.*0  Both  groups  also  highlighted  a major  drawback  involving 
a window  discoloring  problem  due  to  atom  condensation.  This  chapter  will  present 
a numerical  evaluation  of  the  Voigt  absorption  profiles  for  metal  vapor  filters  which 
are  capable  of  essentially  totally  absorbing  laser  scatter  provided  that  the  laser 
radiation  linewidth  is  narrower  than  the  absorption  bandwidth  of  the  metal  vapor. 

Operation  Principle 

An  ideal  metal  vapor  filter  for  laser  scatter  rejection  would  have  to  show 
nearly  full  absorption  at  the  input  laser  wavelength  while  keeping  transparency  to 
the  output  signals.  The  metal  vapor  filter  consists  simply  of  a heated  cell  with 
parallel  windows  and  contains  a buffer  gas,  such  as  nitrogen  at  several  hundred 
Torr,  and  a volatile  metal,  such  as  an  alkali  metal,  with  a resonance  absorption 
peak  at  the  wavelength  of  the  laser  line.  The  metal  vapor  filter,  depending  on  its 
composition,  will  be  heated  to  an  appropriate  temperature  in  order  to  produce  a 
sufficient  number  density  of  metal  atoms  to  absorb  effectively  all  detectable  laser 


scatter.  Therefore,  the  metal  atoms  in  the  metal  vapor  filter  will  provide  a "perfect" 
filter  for  laser  scatter  as  long  as  the  laser  radiation  can  be  tuned  to  the  absorption 
peak  of  the  metal  vapor  and  as  long  as  the  Gaussian  laser  line  has  a FWHM  (full 
width  at  half  maximum)  less  than  the  absorption  bandwidth  of  metal  vapor  filter. 


To  evaluate  the  capability  of  laser  scatter  rejection,  the  absorption  spectral 
profile  of  a metal  vapor  filter  must  be  characterized.  There  are  various  broadening 
mechanisms  of  atomic  line  shape.” 


Because  of  Interaction  of  atoms  with  radiation  fields  and  collislonal 
processes,  the  lower,  I,  and  upper,  j,  energy  states  participating  in  the  atomic 
excitation  have  a finite  lifetime,  and  this  gives  rise  to  uncertainties  in  the  energy  of 
both  states  according  to  the  Heisenberg  uncertainty  relation.  The  broadening  due 
to  the  radiative  lifetime  is  thus  called  natural  broadening.  The  FWHM  linewidth  Av„ 
caused  by  natural  broadening  is 


(3-1) 


liative  lifetime 


For  many  atoms  the  natural  lifetime,  r„  is  on  the  order  of  10'*  sec.  Therefore  the 
linewidth,  Av„,  of  natural  broadening  is  approximately  1.6x10'  Hr  In  wavelength 
units  the  half-intensity  width,  AAN,  is  given  by 


(3-2) 


K ■ wavelength  at  the  line  center  (m) 

o ■ speed  of  light  (m  s ') 

For  example,  the  AA„  is  2x10"“  m or  0.02  pm  for  sodium,  Na,  at  589.0  nm.  The 
spectral  profile  function  of  a naturally  broadened  line  is  described  by  a Lorentzian 
function.  The  normalized  spectral  profile  function  due  to  natural  broadening,  S.„, 
is  given  by 


Av„  ■ FWHM  of  the  naturally  broadened  line  (Hz) 
v„  ■ frequency  at  the  line  center  (Hz) 

For  the  applications  in  metal  vapor  filters,  the  natural  linewidth  is  hidden  beneath 
other  broadening  mechanisms  and  can  safely  be  neglected. 


Collisional  (or  pressure)  broadening  is  caused  by  the  perturbation  of  the 
energy  levels  of  an  atom  by  collision  with  surrounding  atoms.  Collisions  that  leave 
the  atom  in  the  same  energy  state  (adiabatic  collisions)  have  a more  pronounced 
broadening  effect  than  collisions  that  leave  the  atom  in  a different  energy  state 
(diabatic  collisions).  The  spectral  distribution  of  adiabatic  collisional  (pressure) 
broadening  can  be  described  by  a Lorentzian  line  shape  with  a linewidth: 


ac  • optical  cross  section  of  collisional  partner  (cm1) 

n,  ■ number  density  of  collision  partner  (cnr*) 

!i  • reduced  mass  of  collision  partners  (g) 

The  typical  FWHM  of  a collisionally  broadened  line  is  on  the  order  of  3x10'”  m or 
3 pm.  The  total,  normalized  Lorentzian  spectral  profile  function,  S,L,  for  collisional 
broadening  is  similar  to  equation  (3-3)  except  that  the  natural  FWHM,  Av„,  is 
replaced  with  the  Lorentzian  FWHM,  Avu 


(3-5) 


Avl  • FWHM  of  the  collisionally  broadened  line  (Hz) 
v,  b frequency  at  the  line  center  (Hz) 

If  natural  and  collisional  broadening  are  assumed  to  be  mutually  independent,  the 
resulting  FWHM  of  the  Lorentzian  spectral  profile  Is  the  summation  of  the  collisional 
spectral  linewidth  Avc  and  the  natural  spectral  linewidth  Av„: 

Av£  = Avc  * Avw  (3-6) 


Doppler  Broadening 


Doppler  line  broadening  results  from  the  motion  of  absorbing  atoms  at 
different  velocities  relative  to  the  source  or  detector.  Doppler  broadening  is 
described  by  a Gaussian  profile  with  FWHM  given  by: 


= 2 v„  [2  ( im)  k r i1” 


(3-7) 


k s Boltzmann  constant  (JIC') 

m • Atomic  weight  (g) 

v„  ■ Frequency  at  the  line  center  (Hz) 

For  atoms  in  flames  AA„  is  typically  10”  m (1  pm)  to  Iff"  m (10  pm).  The 
normalized  spectral  profile  function  with  Gaussian  distribution  is  given  by 


= 2 ypn2 
Av0/S 


(3-8) 


Av0  s FWHM  of  the  Doppler  broadened  line  (Hz) 

«,  ■ frequency  at  the  line  center  (Hz) 

The  predominance  of  one  type  of  broadened  profile  over  another  is  largely 
dependent  on  the  environment  of  atoms.  Figure  3-1  shows  the  relative  absorption 
profiles  for  purely  collisional  (Lorentzian)  and  purely  Doppler  (Gaussian)  broadened 
lines.  These  broadened  line  profiles  are  calculated  using  equation  (3-5)  and 
equation  (3-8),  respectively,  with  FWHM  of  10  pm  centered  at  780.023  nm.  In  one 
case,  the  laser  with  pure  Gaussian  spectral  profile  and  narrow  linewidth,  both 
collisional  (Lorentzian)  and  Doppler  (Gaussian)  broadening  can  be  used  to 
evaluate  the  absorbance  in  the  metal  vapor  filter  applications.  In  the  other  case, 
if  the  laser  has  a long  wing  and/or  pedestals  that  extended  away  from  the  laser 
line  center,  the  performance  of  the  metal  vapor  filter  will  be  degraded  since  the 
long  wing  and/or  pedestals  can  not  be  rejected  efficiently  by  both  broadening 
absorption  bands  (as  seen  in  the  shaded  area  of  Figure  3-2). 

VoiQt  Spectral  Profile 

Because  Doppler  broadening  produces  a Gaussian  profile  and  pressure 
broadening  produces  a Lorentzian  profile,  the  overall  spectral  line  shape  is  a 


Figure  3-1  Normalized  Lorentzian  (A)  and  Gaussian  (0)  line  profile. 


Figure  3-2  Effect  i 


Relative  Wavelength 

• profile  on  aborbance  of  Rb  MVF  (not  to  scale). 


convolution  of  Gaussian  and  Lorentzian  functions.  If  line  asymmetry  is  ignored  and 
the  two  types  of  broadening  are  assumed  to  be  independent,  the  convoluted 
spectral  profile  function  can  be  described  by  the  Voigt  function  with  a FWHM 
linewidth  Av, 


The  spectral  line  shape  is  a Voigt  function,  which  is  the  convolution  of  a Lorentzian 
profile  and  a Gaussian  profile, 


and  C is  an  integration  variable.  Unfortunately,  the  convolution  integral  describing 
the  Voigt  function  (equation  (3-10))  can  not  be  evaluated  analytically.  Various 
numerical  approximations  and  expansions  of  this  Voigt  spectral  profile  function 
have  been  developed  by  many  investigators  and  summarized  by  Jansson  and 
Korb.“  Puerta  and  Martin  give  an  excellent  and  reliable  approximation  to  the  Voigt 


line  shape  by  tour  generalized  Lorentzian  functions."'”  The  form  given  by  Puerta 
and  Martin  is 


j(d,p)-£(~J* P(-C*)  rfC 
n p*.(d- 0s 


(3-11) 


and  can  be  numerically  approximated  by 


J(*P) 


f Y i(P-al)'f‘i(d-pl) 


(3-12) 


The  values  of  the  approximation  parameters  a,,  p,,  y,,  and  are  given  in  Table  3-2. 
When  compared  with  the  Gaussian  and  Lorentzian  spectral  profile  functions,  the 
shape  of  the  Voigt  spectral  profile  function  has  a wing  broader  than  the 
Gaussian’s,  but  not  as  broad  as  the  Lorentzian’s. 

Absorbance  of  Rubidium  7B0  0P3  I ina 


i of  atomic  absorption,  the  measurement  result  is  expressed 


Table  3-2  The  value  of  the  approximation  parameters  for  Puerta  and  Martin's  Voigt 
function. 


the  absorption  factor,  a,  or  the  absorbance,  A,  which  are  related  to  the 
transmittance  T by 


(3-13) 

(3-14) 


The  transmittance  T is  given  by 


(3-15) 


where  * is  the  transmitted  radiant  power  and  *0  is  the  incident  radiant  power.  The 
absorption  factor  a is  the  radiant  power  absorbed  (♦„-»)  divided  by  the  incident 
radiant  power  or 


The  absorption  factor  a is  related  to  the  atomic  absorption  coefficient  K,  in  cm-'  or 
m ',  by  Beer's  law: 

o = 1 - exp  (-/T/)  (3-17) 

where  I is  the  absorption  pathlength  (cm  or  m).  The  atomic  absorption  coefficient 
K can  be  written  in  terms  of  population  density  n,  (atoms  cm-J)  of  the  lower  level, 


absorption  oscillator  strength  f..,  and  spectral  profile  function  S by 


K 


(3-18) 


where  e is  the  charge  of  electron,  e„  is  the  permittivity  of  free  space,  m,  is  the  mass 
of  the  electron,  and  c is  the  speed  of  light.  Finally,  the  absorbance  A can  be 


In  this  work,  a spreadsheet  from  the  MATHCAD  software  (version  4.0, 
MathSoft  Inc.,  Cambridge,  Massachusetts)  was  used  to  calculate  the  absorption 
profile  of  Rb  metal  vapor  filter  at  different  temperatures.  The  detailed  procedures 
to  simulate  the  approximation  of  Puerta  and  Martin's  Voigt  spectral  profile  function 
are  summarized  below. 

Because  of  its  role  in  absorbing  the  laser  specular  scatter,  the  Rb  metal 
vapor  filter  is  one  of  the  most  critical  component  to  detect  a single  molecule 
flowing  in  a capillary.  Rb  atom  has  two  main  isotopes,  “Rb  and  "'Rb,  which  exist 
naturally  in  the  ratio  of 0.727:0.273“  The  fact  that  rubidium  element  contains  more 
than  one  isotope  in  natural  abundance  causes  lines  in  the  spectra  to  appear  as 
multiples  (hyperfine  structure).  The  melting  point  for  Rb  is  39  “C,  so  it  is  easy  to 
produce  a sufficient  number  density  of  atoms  at  a moderate  temperature  range. 
The  energy  levels  involved  in  the  hyperfine  transitions  of  Rb  at  780.023  nm  are 


A - logT  = - log(l-o)  - 0.434  K / 


(3-19) 


shown  in  Figure  3-3“  In  this  figure,  F is  the  quentum  number  essociated  with  the 
total  angular  momentum  , which  includes  those  due  to  orbital  and  spin  motion  of 
the  electrons  and  spin  motion  of  the  nucleus.  The  components  of  the  hyperfine 
transition  are  numbered  for  easy  reference.  The  resonance  lines  consist  of  4 
groups  of  components,  2 groups  for  each  isotope.  The  relative  intensity  and 
relative  position  (in  pm  and  cm  ')  for  all  hyperfine  transitions  are  given  in  Table  3- 
3“ 

Various  approaches  have  been  used  to  estimate  the  vapor  pressure 
(number  density)  of  Rb  atoms  at  different  temperatures.47  From  measurements  of 
optical  absorption  of  the  resonance  lines,  Gallagher  et  al.  had  been  able  to 
precisely  determine  the  vapor  pressure  (number  density)  of  Rb  at  different 
temperatures.”  The  vapor  pressure  or  number  density  can  be  described  as 

tog(/>)  ■ — - Slog(7-)  . C*  DT  (3-20) 

log(Af)  * -j  - (B  * 1)  tog(7")  * C * D T<  18.985  (3-21) 

where  p is  vapor  pressure  in  Torr,  N is  number  density  in  cm'1,  A =4529.6, 
B=2.911,  C=15.8825,  and  D=0.0059.  Figure  3-4  shows  the  calculated  number 
density  of  Rb  atoms  from  20  °C  to  200  °C.  At  100  °C,  the  number  density  of  Rb 
atoms  is  calculated  to  be  5.12x10”  cm'1  which  Is  close  to  the  experimental  value.47 
The  collisional  cross  section  n,  for  N;  is  2.49x10  '*  m7."  The  number  density  of  the 
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Tabte  3-3  Intensities  and  positions  of  the  rubidium  hyperfine  structure. 


umber  density  (cm'3) 


collisionaJ  partners,  N„  also  can  be  estimated  from  the  pressure  within  the  Rb  MVF 
at  different  temperatures.  The  collisional  broadened  linewidth,  AvL,  and  Doppler 
broadened  linewidth,  Av„,  for  each  hyper-fine  transition  line  are  obtained  from 
equation  (3-4)  and  equation  (3-7),  respectively.  It  is  quite  straightforward  to 
compute  the  shape  of  all  Rb  transitions  consisting  not  only  of  a single  line,  but 
also,  as  in  our  case,  of  3 lines  per  group.  For  each  frequency  point,  the 
absorption  coefficient  K is  calculated  for  every  line  and  integrated  over  all  lines  with 
the  Voigt  spectral  profile  function  S which  is  approximated  by  J(d,  p)  (see  equation 
(3-12))  in  our  case.  Figure  3-5  shows  the  theoretical  absorption  coefficient  K of  the 
Rb  780.023  line  including  hyperfine  structures  and  the  relative  intensity  of  the  two 
Rb  isotopes.  Afterwards  one  can  compute  the  absorbance  A for  an  absorption 
pathlength  I by  the  simple  relation  given  in  equation  (3-19).  Figure  3-6  shows  the 
calculated  Voigt  absorption  profile,  a convolution  of  Gaussian  and  Lorentzian 
profile  functions,  of  Rb  at  27  °C,  50  °C,  and  100  °C.  As  Figure  3-6  shows, 
increasing  cell  temperature  has  a large  effect  on  the  absorbance,  which  essentially 
mirrors  the  Increasing  Rb  metal  vapor  number  density.  The  presence  of  more  than 
one  peak  for  each  absorption  profile  is  due  to  the  hyperfine  structures  of  the 
overall  transition.  The  Voigt  absorption  bandwidth  is  estimated  to  be  21  pm  at 
780.023  nm  which  is  close  to  the  measured  absorption  bandwidth.'0  Ideally,  once 
the  narrow  laser  line  is  tuned  to  the  absorption  peak  of  the  Rb  MVF  at  100  °C,  an 
absorbance  of  several  thousand  could  be  reached. 


Absorption  Coefficient,  K 
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Figure  3-5  Absorption  coefficient  K for  85Rb  and  87Rb 


Figure  3-6  Calculated  absorption  profile  of  Rb  MVF  at  different  temperatures. 


CHAPTER  4 
EXPERIMENTAL 

General  Experimental  Configuration 

The  general  LIF-MVF  system  for  single  molecule  detection  is  shown  in 
Rgure  4-1 . Table  4-1  gives  a detailed  listing  of  experimental  components.  All-line 
outputs  from  an  argon  ion  laser  are  used  to  pump  a single-mode,  tunable, 
continuous-wave  Ti:sapphire  laser  in  the  ring  configuration.  The  sample  is 
confined  in  a capillary  and  flow  is  controlled  by  a mechanical  microliter  syringe 
pump.  The  laser  is  focused  onto  the  uncoated  part  of  the  capillary  with  a beam 
expander  and  a camera  lens.  The  fluorescence  and  laser  scatter  from  the  capillary 
are  collected  at  right  angles  by  a microscope  objective  (MOI ),  and  passed  through 
a rubidium  metal  vapor  filter  to  absorb  the  laser  scatter.  The  fluorescence  is  then 
refocused  by  the  other  microscope  objective  (M02)  onto  an  optical  fiber  pigtail 
which  is  prealigned  to  a single  photon  avalanche  photodiode.  The  digital  output 
pulses  from  the  single  photon  avalanche  photodiode  are  then  interfaced  to  a 
computer-controlled  counter/timer  board.  Detailed  information  including  design 
and  performance  of  each  component  is  discussed  in  the 


! following  sections. 


Table 


experimental  components. 


Argon  Ion  Laser  Pumped  Ti:saophire  Laser  System 


In  this  work,  the  requirements  for  the  LIF-MVF  system  capable  of  single 
molecule  detection  are: 

(1) the  laser  irradiance  (W/cm!)  must  be  sufficient  to  obtain  a reliable 
signal  from  single  molecules  while  passing  through  the  laser  beam. 

(2) the  laser  wavelength  must  be  tuned  to  the  absorption  peak  of  MVF  and 
must  excite  the  fluorophor  efficiently. 

(3) the  laser  line  should  have  a Gaussian  profile  with  a linewidth  less  than  the 
absorption  bandwidth  of  MVF. 

(4) the  laser  must  be  cw  or  pulsed  with  a repetition  rate  sufficiently  high  that 
each  molecule  interacts  with  at  least  one  laser  pulse  while  passing 
through  the  observation  region. 

Among  all  light  sources  currently  available,  the  Ti:sapphire  laser  has  the  best 
characteristics  for  single  molecule  detection. 

The  Ti:sapphire  (Ti:AI,OJ  laser  was  first  demonstrated  in  1982,  and  the 
commercial  cw  models  were  available  in  1988.''  " A Ti:sapphire  laser  offers  many 
of  the  same  features  as  near-IR  dye  lasers.  The  absence  of  a flowing  dye  solution 
greatly  enhances  stability,  reduces  noise  by  a factor  of  10,  and  allows  a linewidth 
as  narrow  as  1 kHz  in  a ring  configuration. 

The  Tr.sapphire  laser  uses  crystals  of  sapphire  doped  with  roughly  0. 1 % Ti, 
added  as  the  Tr“  Ion,  which  replaces  aluminum  (Al“)  in  the  crystal  lattice.'’'"'’5''' 
The  Ti1-  ion  Is  in  the  same  class  of  3d  transition  metal  ions  that  include  Cr1-  and 


Co",  which  are  used  in  other  vibronic  solid-state  lasers.  Like  ruby,  which  is 
Cr":AI,Oj,  Ti:sapphire  crystals  are  hard  and  durable  with  good  optical  properties. 
The  laser  transition  is  between  the  'E  excited  state  and  the  % ground  state. 
Optical  pumping  excites  Ti"  to  the  upper  laser  level,  which  then  relaxes  to  the 
bottom  of  the  vibronic  band  before  making  the  laser  transition  (see  Figure  4-2). 
Vibrational  relaxation  then  drops  the  ion  to  the  bottom  of  the  ground  vibronic  band. 
A strong  interaction  between  the  titanium  atom  and  host  crystal,  combined  with  the 
large  difference  in  electron  distribution  between  the  two  energy  levels,  makes  the 
transition  linewidth  broad. 

Absorption  and  emission  bands  of  Ti:sapphire  overlap  only  slightly. 
Absorption  peaks  near  500  nm  - a wavelength  readily  available  from  argon  ion 
laser,  frequency-doubled  neodymium  laser,  or  copper-vapor  laser.  All  three  lasers 
have  been  used  as  pump  sources  for  Ti:sapphire  laser.  The  fluorescence  peaks 
at  780  nm,  but  Ti:sapphire  output  is  readily  tunable,  with  a maximum  power  at  700 
-900nm. 

The  typical  design  of  the  Ti:sapphire  laser  in  the  ring  configuration  is  shown 
in  Figure  4-3.  Table  4-2  lists  the  specifications  of  the  commercial  Ti:sapphire  laser 
purchased  for  use  in  this  project."  When  pumped  by  the  all-lines  output  of  an 
argon-ion  laser,  Ti:sapphire  lasers  provide  watt-level,  CW,  tunable  radiation  over 
the  wavelength  region  from  680  nm  - 1130  nm.  The  Gaussian  spectral  linewidth 
is  less  than  40  MHz  in  the  ring  cavity  which  corresponds  to  less  than  0.084  pm  at 


780.023  nm  Rb  transition.  Since  the  absorption  bandwidth  of  Rb  MVF  at  100  °C 


Optical  Diode  Mirror 


1 4-3  Tl:sapphire  laser  In  ring  configuration. 


Parameter 

Specific  Value 

Maximum  power  (at  800  nm) 

750  mW 

Tuning  range 

680  nm  - 1130  nm 

Spectral  linewidth 

< 40  MHz  at  ring  configuration 

Spectral  profile 

Gaussian 

Spatial  profile 

TEMc 

Polarization 

Horizontal 

Beam  size 

1 mm  at  exit 

is  approximately  21  pm,*  the  laser  line  should  be  totally  absorbed  by  the  Rb  MVF 
once  the  laser  is  tuned  to  Rb  absorption  peak. 

The  Ti:sapphire  laser  is  a passive  device  requiring  a pump  laser  to  initiate 
the  lasing  action.  The  argon-ion  laser  contains  a beam  lock  positioning  system  to 
provide  excellent  beam  pointing  characteristics  which  determine  the  output-power 
stability  of  Ti:sapphire  laser.™  The  beam  from  the  argon  ion  laser  is  locked  onto 
a reference  point  beyond  the  resonant  cavity.  When  the  beam  moves,  the  output 
mirror  responds  to  restore  position.  The  Ti:sapphire  laser  is  a tunable  solid  state 
laser  containing  the  Tirsapphire  crystal  and  several  optimized  mirror  sets  (see 
Figure  4-3  ).  Depending  on  the  pump  laser  power,  the  conversion  efficiency  of 
Ti:sapphire  laser  is  at  least  10%.  A weak,  broad-band  Ti:sapphire  crystal 
fluorescence,  collinear  with  the  laser  beam,  is  further  attenuated  with  a excitation 
interference  filter.  Figure  4-4  shows  the  measured  spectral  profile  (by 
manufacturer)  of  this  excitation  interference  filter  with  FWHM=0.18  nm  centered 
at  780.0  nm.™  To  maximize  the  transmittance,  this  interference  filter  Is  tilted  at 
some  angle  after  the  Tksapphire  laser  is  tuned  to  the  Rb  line  at  780.1  nm. 

Near-Infrared  Pyes 

In  recent  years,  the  use  of  near-IR  dyes  as  fluorescent  probes  has  been  of 
great  interest  in  biomedical  applications.”  Traditionally,  visible  fluorescent  probes 
provide  a sensitive  method  to  obtain  information  about  the  structure,  function,  and 
health  of  cells."'  These  visible  dyes  are  generally  stable  compounds  with 
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Figure  4-4  Spectral  profile  of  excitation  filter. 


absorption  maxima  conducive  to  argon  ion  laser  excitation  (514  nm  and  488  nm). 
However,  their  spectral  properties  are  in  a region  that  is  susceptible  to  bio- 
interference which  can  greatly  increase  the  detected  background.  For  example, 
Raman  scatter  and  background  fluorescence  due  to  optical  materials  and  solvent 
cause  considerable  difficulties  in  minimizing  the  background  noise. 

All  dyes  which  emit  between  690  nm  and  1 100  nm  will  be  called  near-IR 
dyes.  The  use  of  near-IR  fluorescent  probes  is  attractive.  First,  absorption  of 
solvents  and  optical  materials  in  the  near-IR  region  is  small  or  negligible.  Second, 
the  fluorescent  background  due  to  concomitants  is  small  or  negligible  and 
photodestruction  (photobleaching)  is  generally  less  severe  than  the  visible  dyes. 
Third,  many  near-IR  dyes  have  significant  molar  extinction  coefficients  (e)  and  high 
fluorescent  quantum  efficiency  (Q,).  Fourth,  only  a small  group  of  polymethine 
dyes  are  fluorescent  above  750  nm,  and  very  few  such  compounds  exist  In  the 
environment  thus  minimizing  interferences  at  the  excitation  wavelength.  Patonay's 
group  have  been  leaders  in  the  development  and  use  of  near-IR  fluorogenic  labels 
for  biological  important  molecules. Imasaka  et  al.”  as  well  as  Akiyama”' 
and  Lehotay,  et  al."  have  also  used  diode  laser  excitation  of  near-IR  fluorophores. 

The  ideal  near-IR  dyes  for  single  molecule  detection  will  have  the  following 
characteristics: 

(1) strongly  absorb  at  the  laser  excitation  wavelength  (e  > 105  L M-’  cm’). 

(2) strongly  fluoresce  (Q,  > 0.25). 

(3) excite  and  fluoresce  at  wavelengths  where  background  fluorescence 


is  negligible. 

(4) excite  and  fluoresce  at  wavelengths  that  Raman  scatter  of  the  solvent 
Is  not  within  the  fluorescence  band. 

(5) excite  at  a wavelength  which  can  be  effectively  absorbed  by  a MVF. 

Very  few  chemicals  fluoresce  in  the  near-IR  region.  Patonay  and  Antoine  have 
reviewed  the  major  near-IR  fluorophor  labels.**  The  Patonay  group  has  also 
synthesized  many  new  and  improved  near-IR  dyes.”  Such  near-IR  dyes  can  be 
either  covalently  or  non-covalently  attached  to  molecules  of  interest.”  Covalent 
attachment  is  possible  through  functional  groups,  such  as  NCS,  that  bond  directly 
to  NH,.  Non-covalent  attachment  is  nonspecific  binding  through  adsorption  or 
electrostatic  forces.  The  only  near-IR  dyes  that  satisfy  the  above  criteria  are  the 
cyanine  dyes,  known  as  polymethines.  These  polymethine  dyes  that  absorb  at 
wavelengths  > 670  nm  have  high  quantum  efficiency  and  good  solubility  in 
aqueous  and/or  near  aqueous  solutions.  Table  4-3  is  a list  of  polymethine  dyes 
which  are  soluble  in  water,  DMSO,  and/or  methanol.1*  These  near-IR  dyes  have 
highly  conjugated,  semi-symmetrical  structures  containing  several  aromatic  rings 
with  the  length  of  the  structure  correlating  to  their  fluorescent  characteristics.*' 

Three  polymethine  dyes,  IR125,  IR132,  and  IR140,  are  potentially  useful  for 
single  molecule  detection  with  excitation  at  780.023  nm.  Figure  4-5  gives  the 
structures  of  these  three  polymethine  dyes.  Ultrasensitive  near-IR  detection  of 
IR140  in  methanol  has  been  reported  using  a diode  laser  as  the  excitation 
source.111*  The  lifetime  of  IR140  (e =1.5x10*  L/mol  cm)  Is  measured  to  be  791*17 


Table  4-3  Near-IR  fluorescence  dyes  possit 
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Figure  4-5  Chemical  structure  of  the  polymethine  dyes  : IR125,  IR140,  and  IR132. 


ps  with  a fluorescence  quantum  yield  (Q.)  close  to  unity.”  Due  to  these  optical 
characteristics,  IR140  with  excitation  at  780.023  nm  (Rb  transition  line)  is 
emphasized  for  single  molecule  detection. 

Sample  solutions  at  different  concentrations  are  prepared  by  serial  dilution 
of  a 1 ,5x10s  M stock  solution  and  analyzed  on  the  same  day.  All  glassware  used 
to  contain  the  sample  solution  are  kept  in  a NOCHROMIX  (Gooax  Laboratories, 
Inc.)  cleaning  solution  (mixed  with  sulfuric  acid)  and  then  rinsed  thoroughly  with 
water  and  methanol. 


An  ideal  system  for  sample  containment  should  not  perturb  the  analysis  and 
introduce  noise  during  the  measurement.  A sheathed  flow  cuvette  and 
electrodynamically  levitated  microdropletes  have  been  applied  to  contain  the 
analytes  for  single  molecule  detection  (as  discussed  in  Chapter  1 ).  However,  both 
techniques  require  sophisticated  experimental  optimization  to  confine  the  sample 
in  a flowing  stream  or  to  suspend  the  molecules  in  a microdroplet. 

The  capillary  flow  cell  is  simply  a glass  or  quartz  tube  requiring  no 
instrumental  adjustment.  Capillaries  of  various  sizes  are  commonly  used  in 
several  types  of  chemical  separation  techniques,  Including  packed  capillary  liquid 
chromatography,  open  tubular  capillary  liquid  chromatography,  and  capillary 
electrophoresis.  The  sample  is  introduced  at  one  end  of  the  capillary  and 
thereafter  forced  through  the  capillary  by  means  of  pressure  or  electric  field.  UF 


detection  is  performed  on  a bare  portion  of  the  capillary  column.  A major 
advantage  of  on-column  capillary  detection  is  that  it  facilitates  the  analysis  of  an 
extremely  small  probe  volume,  nLto  pL  range,  which  is  desirable  in  the  reduction 
of  Raman  scatter  from  the  solvent.  The  extremely  small  physical  dimensions 
encountered  in  the  capillary  column  also  require  that  the  detection  be  performed 
on  column,  which  excludes  the  utilization  of  external  flow  cells,  such  as  a sheathed 

In  this  work,  the  capillary  was  filled  with  laser  radiation  to  assure  100% 
spatial  probing  efficiency  which  is  difficult  with  uv-visible  excitation  because  of  laser 
scatter  and  background  noise.  The  ability  to  focus  the  laser  beam  with  preserved 
intensity  to  a diffraction-limited  spot  size  has  permitted  nanoliter  to  picoliter  probe 
volumes  within  the  flow  cells.  Furthermore,  the  high  spatial  coherence  of  many 
CW  lasers  makes  it  possible  to  produce  a beam-center  irradiance  in  a tight  focus 
that  may  even  be  sufficient  to  permit  optical  saturation  of  the  fluorescence.  The 
metal  vapor  filter  has  an  excellent  capability  for  laser  scatter  rejection  and, 
therefore,  allows  filling  of  the  capillary  column  with  laser  light  to  achieve  100% 
measurement  efficiency. 

The  design  of  the  flow  cell  prepared  from  the  fused  silica  capillary  tubing  is 
shown  in  Figure  4-6.  In  order  to  prevent  the  room  light  from  reaching  the 
detector,  the  capillary  flow  cell  was  held  rigid  inside  a small  metal  dark  box  (5  cm 
x 5 cm  x 5 cm).  To  have  a small  probe  volume,  the  capillary  with  smallest  inside 
diameter  (ID)  should  be  the  best  choice  for  single  molecule  detection. 


Swage  Lock 


Rgure  4-6  Cut-away  view  for  the  design  of  capillary  holder. 


Unfortunately,  those  capillaries  with  ID  (inner  diameter)  less  than  5 pm  can  not  be 
used  due  to  the  uncertainty  in  capillary  inside  diameter  (deviation  > 50%).  Also, 
because  of  the  back  pressure  from  the  capillary  and  the  geometric  limitations  of 
the  dark  box,  a capillary  with  a 5 cm  length  and  a 1 1 pm  inside  diameter  (deviation 
< 10  %)  is  selected  as  the  sample  containment  vessel. 

To  create  a fluorescent  window  in  which  the  sample  can  be  excited,  a small 
part  of  the  polyimide  coating  on  the  fused  silica  capillary  tubing  must  be  removed. 
There  are  various  techniques  available  to  remove  the  polyimide.  The  thermal 
methods  apply  arc  or  filament  sources  to  bum  off  the  polyimide  coating  but  leave 
a sooty  layer  on  the  capillary.  The  open  flames  from  torch,  lighter,  and  matches 
work  but  do  leave  the  glass  brittle.  Strong  bases  will  remove  the  polyimide,  but 
they  also  affect  the  silica  material,  resulting  in  brittle  glass.  When  compared  with 
other  techniques,  concentrated  sulfuric  acid  at  100  °C  will  remove  the  polyimide  in 
a few  seconds  and  leave  no  brittle  glass.  Therefore,  the  hot  acid  method  is  used 
to  create  the  fluorescent  window  on  the  capillary  for  single  molecule  detection. 

The  sample  solution  is  pumped  through  the  capillary  flow  cell  with  a 
mechanical  microliter  syringe  pump.  The  quality  of  this  pump  starts  with  a quiet 
precision  instrument  motor,  which  is  synchronous  - that  is,  its  speed  is  regulated 
by  the  supply  line  frequency,  which  is  normally  within  <0.01%  accuracy.  By 
infusing  a small  volume  of  solution  with  a gas-tight  microliter  syringe,  the  measured 
flow  rate  is  very  similar  to  the  value  specified  from  the  manufacture.  For  example, 
rate  is  able  to  be  varied  by  at  least  four  order- 


by  using  a 100  pL  syringe,  the  flow  i 


of-magnitude  from  1.26  jiL/min  to  0.000102  (iL/min  with  very  high  precision  and 
accuracy.  To  obtain  a stable  slow  flow  rate,  30  - 60  minutes  waiting  time  is  normal 
for  the  motors  to  'catch-up'  before  making  the  measurement. 

To  avoid  a clogging  problem,  it  is  critical  to  have  dean  connections  for  the 
capillaries  with  small  inside  diameter.  In  chromatography,  different  types  of  ferrules 
have  been  developed  for  making  glass-to-metal  and  glass-to-glass  connections. 
Unlike  soft  graphite,  vespel  ferrules  are  chemically  inert  and  suitable  for  glass  to 
metal  connections.  They  do  not  soften  or  melt,  nor  lose  their  physical  integrity  at 
high  temperatures.  Vespel  ferrules  will  not  produce  particles  when  compressed. 
Therefore,  vespel  ferrules  are  used  for  capillary  connections  through  the  sample 
injection  system. 


Since  the  inside  diameter  of  the  capillary  is  very  small,  it  is  important  to  have 
a fine  alignment  of  the  focusing  optics  on  capillary.  The  detailed  procedures  to 
focus  the  laser  beam  on  the  capillary  are  described  below. 

First,  remove  both  the  beam  expander  and  focus  lens  and  position  the 
capillary  at  the  center  of  the  unfocused  laser  beam.  Because  the  laser  is  hindered 
by  a capillary,  a straight  line  should  be  seen  within  the  round  laser  spot  as  shown 
in  Figure  4-7.  Second,  replace  and  translate  the  focus  lens  across  the  capillary 
until  a symmetric  strip-shape  diffraction  pattern  appears  (as  seen  in  Figure  4-8). 
Third,  replace  and  position  the  beam  expander  and  make  sure  the  expanded  laser 


Blocked  by  capillary 


Figure  4-7  Image  of  procedure  1 in  laser  focusing. 


Figure  4-8  Image  of  procedure  2 In  laser  focusing. 


beam  passing  through  the  center  for  focus  lens.  Fourth,  adjust  the  focus  lens  to 
the  near  focus  position.  If  in  the  right  focus,  a symmetric  round-shape  diffraction 
pattern  with  a bright  spot  In  center  should  be  seen  (as  seen  in  Figure  4-9). 


There  is  a simple  way  to  align  the  light  from  the  capillary  to  the  detector. 
A He-Ne  laser  beam  is  sent  to  one  end  of  an  optical  fiber  and  passed  through  the 
focusing  microscope  objective  (M02).  By  positioning  the  collecting  microscope 
objective  (MOI),  Intense  laser  scatter  can  be  seen  from  the  capillary.  This  finishes 
the  rough  alignment  of  the  collecting  optics.  The  M02  and  optical  fiber  are  then 
removed.  After  the  Ti:sapphire  laser  is  tuned  off  780.023  nm,  the  laser  beam  is 
sent  to  the  capillary,  By  positioning  the  MOI,  a clean,  sharp  image  of  scatter 
caused  by  the  capillary  wall  (Figure  4-10)  can  be  seen  with  an  IR  viewer  after  the 
metal  vapor  filter. 


The  commercially  available  metal  vapor  cell  (see  Table  4-1)  consisted  of  a 
quartz  cylindrical  cell  (length =10  cm  and  diameter =2.5  cm)  with  parallel  quartz 
windows  on  both  ends.  An  excess  of  rubidium  metal  (500  mg)  is  distilled  into  the 
evacuated  cell  such  that  sufficient  amount  of  metal  would  be  present  to  give 
saturated  metal  vapor  at  all  temperature  range  used  in  this  work  (room 
temperature  to  170  °C).  Nitrogen  gas  at  200  Torr  (at  room  temperature)  is  used 
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Figure  4-9  Image  of  procedure  3 and  ■ 


Inner  Wall 


Figure  4-10  Image  ol  scattered  light  from  the  capillary  i 


as  the  fill  gas  in  order  to  quench  the  atomic  resonance  fluorescence  and  broaden 
the  absorption  bandwidth  of  the  Rb  MVF.  To  avoid  the  window  discoloring 
problem  due  to  attack  of  hot  Rb  metal  vapor,  the  Rb  MVF  is  held  inside  a 
cylindrical  forced  hot  nitrogen  heating  device,  as  shown  in  Figure  4-11.  The 
outside  of  the  heating  device  is  wrapped  with  a heating  tape  to  improve  the 
heating  efficiency.  The  heated  nitrogen  from  the  furnace,  whose  temperature  was 
controlled  to  within  si  °C,  flows  past  both  windows  and  recycles  back  to  the  body 
of  the  MVF.  In  this  way,  the  flat  window  faces  of  the  MVF  will  be  kept  warmer  than 
the  center  of  the  MVF.  This  prevent  the  metal  vapor  from  condensing  onto  the 
windows,  which  will  reduce  the  signal  throughput  and  the  transmittance  of  the 
MVF.  Therefore  the  problem  due  to  rapid  window  damage  can  be  avoided. 
Actually,  the  Rb  metal  vapor  filter  used  in  this  work  has  functioned  flawlessly  for 


Laser  specular  scatter  occurs  in  all  directions  arising  from  both  the  outer 
and  inner  walls  of  capillary.  Despite  the  ability  of  the  MVF  to  absorb  the  laser 
specular  scatter,  other  noise  sources  may  generate  a formidable  problem  for  single 
molecule  detection.  Therefore,  additional  spectral  filters  are  required  to  further 
reduce  the  background  noises. 

Rayleigh  scatter  from  the  molecules  in  the  quartz  capillary  is  very  weak  and 
occurs  at  the  same  wavelength  as  the  laser  emission.  However,  this  form  of 
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scatter  is  expected  to  be  negligible  due  to  the  small  capillary  volume  illuminated 
and  the  broadened  absorption  profile  of  Rb  metal  vapor  filter. 

For  the  LIF  on-column  capillary  detection,  the  quartz  capillary  and  solvent 
are  the  two  main  sources  of  Raman  scatter.  Quartz  has  a Raman  emission  band 
at  464  cm''  which  corresponds  to  809  nm  for  780.023  nm  excitation.  Lehotay  has 
discussed  the  effect  of  different  solvents  on  background  signal  and  found  that 
methanol  has  a Raman  peak  at  865  nm  when  excited  at  780.023  nm.”  Three 
polymethine  dyes  (IR125,  IR132,  and  IR140)  to  be  tested  in  this  project  have  broad 
fluorescence  bands  from  800  nm  to  850  nm  when  excited  at  780.023  nm.  To 
block  the  Raman  scatter  sources,  several  band  pass  interference  filters  (see  Table 
4-5)  are  placed  before  the  detector  to  optimize  the  S/N  ratio  for  single  molecule 
detection. 


Ultrasensitive  detection  and  photon  counting  experiments  require  a detector 
with  high  quantum  efficiency,  low  dark  noise,  fast  response  time,  and  good  single 
photon  detection  capability.  In  previous  experiments  for  the  detection  of  single 
molecules  in  solution,  photomultipliers  (PMT)  have  been  used  to  achieve  most  of 
these  requirements  except  that  the  quantum  efficiency  was  only  5%-8%.  However, 
due  to  recent  improvements  in  solid  state  semiconductor  photodetector, 
considerably  higher  quantum  efficiency,  together  with  adequate  time  response  and 


provided  by  a single  photon  avalanche 


Table  4-5  The  interference  filters  ‘ 


in  single  molecule  detection. 


photodiode. 


Because  of  its  simplicity,  smaller  size,  and  ease  of  operation,  the  single 
photon  avalanche  photodiode  (SPAPD)  has  the  potential  for  becoming  the  device 
for  applications  in  lidar,  photon  correlation  spectroscopy,  optical  fiber  test, 
fluorescence  lifetime  measurements,  and  ultrasensitive  spectroscopy,  where  the 
light  being  measured  can  be  focused  to  a small  spot. 

The  SPAPD  is  a self-contained  module  which  detects  single  photons  of  light 
over  the  wavelength  range  from  400  nm  to  1060  nm,  a range  and  sensitivity  which 
often  outperforms  PMT.  The  specifications  of  an  SPAPD  are  given  in  Table  4-6.“ 
Exhibiting  a linear  response  range  over  more  than  6 decades,  the  SPAPD  is  an 
integrated  detector  module  capable  of  single  photon  detection  with  sensitivity 
comparable  to  that  of  a PMT.  The  SPAPD  is  a solid-state  device  which  requires 
only  a short  settling  time  after  photon-saturation,  in  contrast  to  PMTs,  in  which 
several  hours  of  recovery  time  are  often  necessary  after  exposure  to  intense 
illumination.  At  higher  incoming  light  levels  the  count  rate  actually  decreases.  As 
an  extreme  example,  if  the  SPAPD  is  exposed  to  room  light,  the  count  rate  will  fall 
to  zero.  Figure  4-12  shows  the  measured  recovery  time  of  an  SPAPD  after 
exposure  to  room  light.  It  is  found  that  the  SPAPD  needs  about  2 minutes  to 
reach  a stable  signal.  The  detector  module  has  an  unique  silicon  avalanche 
photodiode  which  has  a circular  active  area  whose  peak  photon  detection 
efficiency,  within  50  jim  of  the  center,  exceeds  40%  at  633  nm.  The  photon 
detection  efficiency  at  830  nm  specified  from  the  manufacture  is  25%.  Since  the 


Table  4-6  Specifications  of  single  photon  avalanche  photodiode. 


Figure  4-12  The  recovery  time  of  an  SPAPD  after  exposure  to  room  light. 


dark  noise  of  the  device  is  proportional  to  its  active  area,  the  detector  size  is 
minimized.  Typical  dark  count  rate  is  approximately  25  counts/s.  Temperature 
regulation  is  provided  by  an  integrated  thermoelectric  device.  The  detector  module 
contains  a passive  quench  circuit  capable  of  photon  counting  up  to  1.8x10s 
counts/s,  with  single  photon  timing  resolution  of  3 ns  rms.  There  is  a ‘dead  time* 
of  50  ns  between  photon  pulses.  The  SPAPD  is  temperature  controlled,  ensuring 
stabilized  performance  despite  changes  in  the  ambient  temperature.  In  addition, 
the  high-voltage  supply  is  integrated  into  the  detector  module,  thus  avoiding  the 
risk  of  exposure  to  the  dangerous  electric  fields  encountered  with  PMT.  The 
detector  module  requires  only  low-voltage  inputs,  +12  V (0.08  A max),  +5  V (1.3 
A max),  and  -5  V (0.2  A max).  The  low  power  requirement  of  the  SPAPD  and  the 
solid-state  nature  of  the  device  suggest  the  possibility  of  battery-power  operation 
and  the  ready  transportation  of  the  instrument  from  the  laboratory  into  a more 
stringent  environment.  A digital  TTL  pulse,  2 V high  and  approximately  200  ns 
wide,  is  the  output  at  the  BNC  connector  as  each  photon  is  detected. 

To  measure  the  photon  burst  from  single  molecules,  the  instrument  employs 
an  IBM  AT-compatible  counter/timer  board  to  count  the  digital  TTL  pulse  train 
provided  by  the  detector  module  (SPAPD).  The  counter/timer  board  is  housed  in 
a 386  computer  with  80387  math  co-processor.  The  computer  is  also  used  for 
counting  control,  spectral  data  processing,  and  display.  A computer  program, 
used  to  control  the  counter/timer  board,  was  written  in  the  QUICK  BASIC 
language.  To  test  the  performance  of  the  detector,  count  rate  is  measured  at 


different  laser  powers  (see  Figure  4-13).  The  SPAPD  is  able  to  count  the  photon 
flux  precisely  up  to  1x10s  counts/s.  At  high  input  photon  fluxes,  the  SPAPD 
become  saturated  due  to  dead  time  and  electronic  limitations. 

In  order  to  collect  a number  of  data  points  per  molecular  transit  time,  the 
counting  interval  (time  segment)  must  be  less  than  the  transit  time  of  a single 
molecule.  The  accuracy  of  the  counter/timer  board  can  be  tested  by  calibrating 
with  a standard  TTL  pulse  generator . The  ratio  of  measured  count  rate  to  input 
count  rate  at  different  integration  times  is  shown  in  Figure  4-14.  The  counter/timer 
board  is  able  to  count  signals  with  sampling  intervals  from  200  its  up  to  at  least  2 
ms  with  near  unity  accuracy.  The  performance  becomes  degraded  when  the 
sampling  time  interval  is  less  than  200  ns.  The  200-jis  integration  time  should  be 
enough  to  measure  the  photon  burst  from  single  molecules  with  a 1 ms  transit  time 
in  this  project  (5  data  points  per  transit  time). 

Tuning  the  Laser  to  Rubidium  Absorption  Line 

In  order  to  tune  the  Ti:sapphire  laser  to  the  Rb  transition  line  at  780.023  nm, 
the  Rb  MVF  is  heated  to  100  °C  and  the  laser  scatter  from  the  capillary  is  passed 
through  the  Rb  MVF  onto  the  detector.  The  Ti:sapphire  laser  is  tuned  to  maximum 
absorbance  of  Rb  MVF  by  slowly  adjusting  the  intracavity  birefringent  filter.  Fine 
tuning  is  done  by  tilting  the  intercavity  Fabry  Perot  etalon  to  further  maximize  the 
absorbance.  The  maximum  absorbance  is  more  like  a plateau  than  a peak 
because  the  Fabry  Perot  etalon  can  be  adjusted  significantly  before  the  laser  is 


Figure  4-13  The  measured  counting  rate  of  SPAPD. 
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Figure  4-14  Calibration  of  counter/timer  board. 


tuned  off-wavelength  and  the  absorbance  decreased  sharply.  The  calculated  laser 
linewidth  (FWHM)  at  780.023  nm  is  less  than  0.081  pm  when  the  Ti:sapphire  laser 
is  operated  in  ring  configuration  with  40  MHz  spectral  line  width.  Occasionally,  the 
laser  frequency  would  jump  away  from  the  Rb  transition  line.  This  rarely  occurred 
if  the  birefringent  filter  were  set  to  the  center  frequency  of  the  etalon  after  the  laser 
has  been  operating  for  more  than  30  minutes.  Once  this  operation  has  been  is 
carried  out,  the  laser  has  excellent  day-by-day  frequency  stability. 


CHAPTERS 

RESULTS  AND  DISCUSSION 
Optical  Optimization 

To  minimize  the  laser  specular  scatter  reflected  from  the  capillary  wall,  the 
positions  of  laser  focusing  and  signal  collecting  optics  were  optimized  to  find  the 
best  signal-to-noise  ratio.  For  easy  reference,  laser  was  propagated  on  the  X-axis, 
fluorescence  was  collected  on  the  Y-axis,  and  the  flow  of  molecules  was  in  the  Z- 
axis.  The  effects  of  the  position  of  the  focusing  lens  on  the  fluorescence  signal 
and  laser  scatter  are  shown  in  Figure  5-1 . The  maximized  fluorescence  signal  was 
obtained  when  the  capillary  was  within  the  focus  region  of  laser  beam.  By 
positioning  the  focus  lens  across  the  capillary,  Figure  5-2  shows  how  the 
fluorescence  intensity  and  elastically  scattered  light  varied  with  the  lateral  position 
of  the  laser  beam  for  a 11-jim  capillary  flow  cell.  The  laser  scatter  increased 
rapidly  when  the  beam  was  moved  away  from  the  center  of  the  capillary.  This 
implies  that  the  best  S/N  ratio  is  obtained  when  the  beam  is  incident  on  the 
capillary  center. 

By  translating  the  collecting  microscopic  objective  (MOI)  near  the  capillary, 
Figure  5-3  shows  the  measured  fluorescence  signals  obtained  at  different 
positions.  This  plot  gives  the  field  of  depth  of  a microscopic  objective.  Since  the 


Figure  5-1  Effect  of  focusing  lens  on  fluorescence  and  scattered  light. 
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Figure  5-3  Effect  of  collecting  microscope  objective  (M01)  on  fluorescence. 
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capillary  has  140-nm  OD  and  11-»m  ID,  the  estimated  distance  for  maximum 
fluorescence  signal  is  approximately  400  <im  from  the  center  of  capillary.  To 
optimize  the  lateral  position,  the  MOI  was  translated  horizontally  across  the 
capillary  at  the  distance  of  best  field  of  depth.  Figure  5-4  shows  how  the 
fluorescence  signal  varied  with  lateral  position  of  MOI  for  a 1 1-  pm  ID  capillary  flow 
cell.  This  is  known  as  the  field  of  view  of  the  microscopic  objective. 

To  avoid  the  diffraction  effect  between  the  capillary  and  the  laser  beam,  the 
fluorescence  profiles  from  the  capillary  were  evaluated  at  different  focus  positions. 
By  translating  the  MOI  laterally  at  the  best  field  of  depth,  the  fluorescence  profiles 
recorded  at  various  positions  of  the  focus  lens  are  shown  in  Figure  5-5.  In  front 
of  the  focal  plane  of  the  focus  lens  (near-field),  the  profiles  are  skewed  into  two 
side-lobes.  These  depict  the  near-field  diffraction  effects  due  to  constructive  and 
destructive  interference  between  the  waves  geometrically  transmitted  from  the 
capillary  (like  an  aperture)  and  the  spherical  waves  produced  at  the  edges  of 
capillary  Inside  diameter.  Beyond  the  focal  plane  of  the  focus  lens  (far-field),  the 
profiles  have  a symmetrical  shape.  The  changes  of  fluorescence  profiles  from  the 
near-fieid  to  far  field  suggest  that  signal  collection  should  be  performed  in  the  far- 
field  to  minimize  the  diffraction  effects. 

The  results  of  optical  optimization  indicated  the  importance  of  rigidly  fixing 
the  capillary  flow  cell.  If  It  Is  not  rigidly  fixed,  any  mechanical  vibration,  for 
example,  caused  by  the  air  flow  around  the  capillary  or  a droplet  exiting  the 
capillary  outlet,  would  affect  both  the  fluorescence  signal  and  background  scatter. 


Figure  5-4  Effect  of  collecting  microscope  objective  (MOI)  on  fluorescence. 


Moreover  mechanical  vibrations  may  introduce  a low  frequency  noise  that  can 
interfere  with  the  analytical  signal.  A rigidly  fixed  capillary  is  especially  important 
when  the  dimensions  of  the  capillary  inside  diameter  and  the  focused  laser  beam 
diameter  are  of  the  same  size. 


f valuation  of  Analvte  and  Solvent 

Several  visible  dyes,  such  as  R-6G,  phycoerythrin,  have  been  chosen  for 
single  molecule  detection.  In  the  UF-MVF  system,  the  analyte  has  to  be  efficiently 
excited  at  780.023  nm  with  high  absorption  coefficient,  high  fluorescence  quantum 
efficiency,  and  a large  Stokes  shift.  Very  few  chemicals  fluoresce  in  the  near-IR. 
The  polymethine  dyes  are  very  attractive  because  they  combine  these 
characteristics  in  the  near-IR.  IR125,  IR132,  and  IR140  are  potentially  useful  for 
single  molecule  detection  with  excitation  at  780.023  nm.  By  excitation  at  780.023 
nm,  the  wavelengths  of  maximum  fluorescence  for  IR125,  IR140,  and  IR132  are 
806  nm,  833  nm,  and  843  nm,  respectively.15 

In  this  project,  a Rb  MVF  is  applied  to  remove  the  laser  specular  scatter 
from  the  capillary.  Any  noise  sources,  such  as  the  Raman  scatter  from  the  solvent 
and  background  fluorescence  from  the  laser  would  significantly  degrade  the  S/N 
ratio  for  single  molecule  detection.  Lehotay  has  evaluated  the  Raman  scatter  from 
various  solvents.55  Water  would  be  the  ideal  solvent  due  to  its  great  applicability 
to  many  types  of  analytes.  Unfortunately,  IR132  and  IR140  are  not  water-soluble 
and  IR125  decomposes  rapidly  in  water.  Therefore,  water  is  not  a good  choice  as 


a solvent  in  this  project  Some  other  solvents,  such  as  acetone  and  acetonitrile, 
also  can  not  be  used  tor  single  molecule  detection  due  to  the  overlaps  between 
Raman  scatter  from  the  solvent  ( 820  nm)  and  fluorescence  emission  from 
molecules  (800  nm  to  850  nm).  Methanol  is  the  best  solvent  for  near-IR  single 
molecule  detection  due  to  the  large  Raman  shift  (860  nm)  from  the  fluorescence 
peak. 

The  intensity  of  the  emitted  fluorescence  should  be  maximized  to  optimize 
the  UF  performance.  Simultaneously,  the  amount  of  background  noise  should  be 
minimized.  Various  band  pass  spectral  filters  are  applied  to  further  attenuate  the 
background  noises  (see  Table  4-5).  The  effects  of  different  10-nm  band  pass 
interference  filters  on  the  methanol  blank  are  shown  in  Figure  5-6.  A filter  centered 
at  830  nm  (s-1 0-830)  gives  the  minimum  blank  signal.  The  higher  background  for 
other  band  pass  filters  is  believed  to  be  due  to  the  long-tail  laser  background  (s- 
10-810  and  s-1 0-820)  or  Raman  scatter  (s-10-840  and  s-10-850).  This  implies  that 
the  best  S/N  ratio  would  be  obtained  when  the  analyte  dissolved  in  methanol  has 
a maximum  fluorescence  peak  at  830  nm.  Figure  5-7  gives  the  measured  S/N 
ratio  for  IR125,  IR140,  and  IR132  dissolved  in  methanol  with  different  band  pass 
spectral  filters.  It  Is  found  that  IR140  gave  the  maximum  S/N  ratio  with  a 10  nm 
band  pass  filter  centered  at  830  nm.  Therefore,  IR140  dissolved  in  methanol  with 
a s-10-830  interference  filter  was  used  in  this  LIF-MVF  system. 


Figure  5-6  Effect  of  different  I 


pass  filters  on  blank. 


Log  (Intensity) 
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Figure  5-7  S/N  tor  IR125,  IR140,  and  IR132. 


Absacbance  of  Rb  Mela!  Vapor  Filler 


Figure  5-8  shows  the  experimental  set-up  (or  absorbance  measurements 
which  is  the  same  as  UF-MVF  system  (or  single  molecule  detection  except  the 
capillary  is  replaced  with  a high  reflection  mirror.  A neutral  density  filter  (optical 
density  =1.8)  is  placed  before  beam  expander  to  attenuate  the  laser  power.  An 
interference  filter  (10-nm  band  pass  centered  at  780  nm)  was  used  to  block  the 
stray  light  Two  sets  of  commercial  neutral-density  filters  were  calibrated  at 
780.023  nm  to  extend  the  dynamic  range  of  the  absorbance  measurements. 
Figure  5-9  shows  the  measured  absorbance  for  these  neutral-density  filters.  The 
uncertainty  for  each  neutral-density  filter  is  usually  less  than  5%.  The  Rb  MVF  was 
sufficiently  heated  and  the  laser  was  tuned  to  the  Rb  transition  line  at  780.023  nm. 
The  temperature  of  the  Rb  MVF  could  be  controlled  by  adjusting  the  furnace 
temperature.  The  transmitted  signal  through  the  Rb  MVF  was  then  measured  at 
different  temperatures  by  the  stacked  neutral  density  filters.  The  measured 
transmittance  was  converted  to  absorbance  at  various  temperatures.  The  results 
are  shown  in  Figure  5-10,  where  the  absorbance  of  the  laser  scatter  Is  plotted  as 
a function  of  temperature.  The  maximum  absorbance  of  approximately  8 at  170 
°C  is  believed  to  be  limited  by  a weak,  broad-band  laser  background  fluorescence 
from  the  Tiisapphire  crystal. 

Since  the  partial  pressure  of  the  Rb  vapor  phase  is  strongly  dependent  upon 
the  temperature  of  the  metal,  the  density  of  the  metal  vapor  and  thus  the 
absorbance  of  MVF  can  be  adjusted  by  varying  the  temperature  of  the  MVF.  In 


Figure  5-8  Experimental  set-up  for  absorption 


Figure  5-9  Calibration  of  neutral  density  filters. 
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5-10  Measured  absorbance  of  Rb  MVF  af  different  temperatures. 


addition  to  increasing  the  absorbance,  raising  the  temperature  of  the  MVF  also 
broadens  the  width  of  the  absorption  peak,  particularly  if  a buffer  gas  is  used. 
Even  if  the  line  width  of  the  laser  is  narrower  than  the  absorption  band  width  of 
MVF,  the  wing  of  laser  lines  experiences  much  less  attenuation,  and  make  up  most 
of  the  transmitted  light  to  the  detector.  Table  5-1  lists  the  experimental  parameters 
used  for  the  absorbance  measurements.  When  the  Rb  MVF  was  at  room 
temperature,  the  photon  count  rate  corresponding  to  80  mW  laser  power  was 
approximately  4x10”  counts  per  second.  When  the  Rb  MVF  temperature  was  170 
°C,  the  measured  photon  count  rate  was  1000  counts  per  second  at  780.023  nm. 
Therefore,  the  absorbance  of  Rb  MVF  at  170  °C  for  780.023  nm  light  is  greater 
than  10.  It  is  unclear  how  much  greater  the  absorbance  of  Rb  MVF  really  was, 
since  most  of  the  1000  counts  per  second  at  170  °C  were  due  to  laser  background 
or  stray  light. 

With  the  Rb  MVF,  we  have  looked  at  the  wings  of  the  Argon  ion  pumped 
Ti.sapphire  laser  nominally  at  780.023  nm  and  found  that  there  is  indeed  a 
background  pedestal  over  8 orders  of  magnitude  below  the  laser  peak  intensity 
and  extending  to  several  nm  around  the  laser  output  Similar  pedestals  (modes) 
occur  with  diode  lasers.  Such  pedestals  (modes,  wings),  of  course,  limit  the  stray 
light  rejection  of  the  MVF  to  an  absorbance,  A=8,  with  Ti:sapphire  laser  and  Rb 
MVF.  It  is  possible  to  Improve  the  practical  performance  of  the  MVF  by  suitable 
design  and  optimization  of  the  cavity  of  the  Ti:sapphire  laser  that  this  background 
could  be  further  reduced . Because  the  spectral  profiles  of  either  Ti:sapphire  laser 


Table  5-1  Experimental  parameters  used  tor  absorbance  measurements. 


or  diode  laser  are  not  known  accurately  in  the  wings  (the  wings  would  have  to  be 
known  accurately  to  better  than  10  “ l0,  where  I,  is  the  peak  laser  intensity),  it  is  not 
possible  to  convolute  the  atomic  absorption  profiles  of  the  MVFs  with  the  laser 
spectral  profiles. 

Estimation  of  Probs-Volume 

In  order  to  estimate  the  probe  volume  within  the  capillary,  knowledge  of  the 
focused  laser  beam  diameter  as  well  as  the  capillary  inside  diameter  Is  required. 
The  beam  diameter  was  measured  by  translating  a razor  blade  through  the  laser 
beam  using  a microtranslational  stage  and  the  laser  power  was  monitored  with  a 
photodiode.  Figure  5-1 1 shows  the  laser  beam  diameter  near  the  focus.  The 
minimum  1 /e!  beam  intensity  is  determined  to  be  11  jim.  Figure  5-12  is  the  beam 
intensity  profile  of  the  laser  beam  diameter  at  focal  point.  A theoretical  Gaussian 
intensity  profile  shows  good  agreement  when  fitted  to  the  measured  beam  intensity 
profile.  The  probe  volume  formed  by  the  capillary  and  the  focused  laser  beam  Is 
estimated  to  be  approximately  1.05  picoliter. 

Estimation  of  Transit  Time 

The  average  flow  velocity  can  be  estimated  from  the  volumetric  flow  rate 
and  the  cross  section  area  of  the  capillary  (9.5x10  ' cm').  The  average  molecular 
transit  time  through  the  probe  volume  can  be  simply  determined  using  the 
equation 


Figure  5-11  Laser  I 


i diameter  near  the  focus. 


Relative  Intensity 


Average  flow  velocity 


(5-1) 


The  calculated  transit  time  is  approximately  1 ms  tor  a capillary  with  11 -pm  inside 
diameter  when  the  volumetric  How  rate  of  syringe  pump  is  set  at  0.061  pL/min. 
Possible  deviations  from  the  actual  molecular  transit  time  in  the  probe  volume  are 
the  uncertainties  of  the  small  capillary  inside  diameter,  distorted  laser  beam  shape 
within  the  cylindrical  capillary,  and  Brownian  diffusion. 

Effect  of  Transit  Time  and  Laser  Power 

A study  of  the  emitted  fluorescence  intensity  as  a function  of  the  flow 
velocity  allowed  the  determination  of  the  influence  of  photodestruction.  The 
quantum  yield  of  photodestruction  Q„  can  be  determined  by  measuring  the 
dependence  of  the  normalized  fluorescence  intensity  S'  on  the  flow  velocity  v of 
molecules  passing  through  the  probe  volume.  Figure  5-13  shows  the  degree  of 
photodestruction  of  IR140  at  different  flow  velocities  within  a capillary  flow  cell  (11- 
pm  inner  diameter).  The  dots  denote  the  measured  values,  and  the  solid  curve  is 
the  best  fit  of  equation  (2-22)  obtained  for  Qa=2.5x1ff6.  This  value  is  somewhat 
lower  than  those  highly  fluorescent  molecules,  e.g.,  fluorescein  (Qa-2.7x10*)  and 
phycoerythrin  (Qa=1.1x1ff5),  which  leads  to  the  conclusion  that  IR140  dissolved 
in  methanol  is  less  photolabile.  The  fluorescence  intensity  decreased  from  80% 
to  15%  of  its  maximum  value  when  the  flow  was  slowed  from  1 .07  cm/sec  to  0.053 


Normalized  Fluorescence,  S' 


cm/sec.  The  time  spent  by  a fluorescent  molecule  in  the  illuminated  volume 
Increased  from  1 msec  to  20  msec  over  this  range,  which  increased  its  probability 
of  being  photodestructed.  This  implies  that  when  the  flow  velocity  is  1.07  cm/sec, 
approximately  15%  of  IR140  molecules  are  affected  by  photodestruction.  Because 
of  the  limitation  of  the  counter/timer  board  (minimum  integration  time  = 200  (is), 
the  flow  velocity  (1 .07  cm/sec)  for  a 1 ms  transit  time  was  used  for  single  molecule 
detection. 

A plot  of  fluorescence  signal  versus  laser  power  for  [IR140]  =6.4x10  ” M at 
a flow  rate  of  1.07  cm/sec  is  shown  in  Figure  5-14.  The  fluorescence  signal  is 
linear  with  laser  power  up  to  about  50  mW;  above  50  mW,  there  is  less  than  linear 
increase  of  fluorescence  signal  with  laser  power.  The  curvature  is  most  likely  a 
convolution  of  optical  saturation  and  photodestruction  effect.  The  variation  of 
S/N  ratio  with  laser  power  has  been  discussed  by  Mathies  et  al." 

Analytical  Calibration  Curve 

Figure  5-15  shows  a log-log  plot  of  the  monitored  IR140  fluorescence 
emission  versus  the  sample  concentration  within  the  11-um-inner-diameter 
capillary  flow  cell.  These  calibration  curves  were  examined  over  the  concentration 
range  from  1.5x10'”  M to  1.5x1(r*  M at  3 different  laser  powers  while  the 
molecular  transit  time  in  the  probed  volume  was  1 ms.  The  fluorescence  signal 
had  good  linearity  for  at  least  4 orders  of  magnitude  from  1.5x10'”  M to  1.5x10"* 
M.  Within  this  linear  concentration  range,  the  average  number  of  molecules 
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Figure  5-14  Fluorescence  signal  of  IR140  (6.4x1010  M)  at  various  laser  powers. 


Avg.  no.  molecules  in  probe  volume  per  transit  time 


Figure  5-15  Calibration  curve  of  IR140  for  different  laser  powers. 


present  in  the  probe  volume  per  transit  time  were  (rom  1 to  10000.  Since  the 
transit  time  is  1 ms,  then  the  number  of  molecules  that  actually  travel  through  the 
probe  volume  at  a concentration  of  1.5x10"“  M is  approximately  1000  in  this  1 sec 
integration  time.  At  [IR140]= 1.5x10"“  M,  since  there  is  only  a 10%  probability  of 
finding  a molecule  in  the  1.05  pL  probe  volume  at  1 ms  transit  time,  approximately 
100  IR140  molecules  would  actually  pass  through  the  probed  volume  during  the 
1 sec  integration  time. 


Single  Molecule  Detection 


Poisson . Distribution 

When  an  experiment  is  carried  out  in  which  the  analyte  is  present  at  a very 
low  level,  then  the  appearance  of  the  number  of  molecules  in  the  probe  volume  at 
any  instant  may  follow  a Poisson  distribution.  The  Poisson  distribution  is  a discrete 
probability  distribution  that  follows  the  general  formula 

P(X)  - (5-2) 


P(X)  • the  probability  of  X events  occurring 

H ■ the  mean  value  of  X. 

For  a Poisson  distribution,  the  mean  value  jr  of  X is  also  the  variance  of  the 


distribution  of  X.  In  practice,  the  Poisson  distribution  has  been  useful  in  finding  the 


probability  of  X occurrences  of  an  event  that  occur  randomly  over  an  interval  of 
time,  provided  certain  assumptions  are  met 

(1) Events  occur  one  at  a time;  two  or  more  events  do  not  occur  precisely 
at  the  same  time. 

(2) The  occurrence  of  an  event  in  a given  period  is  independent  of  the 
occurrence  of  the  event  in  a non-overlapping  period;  that  Is,  the 
occurrence  (or  nonoccurrence)  of  an  event  during  one  period  does  not 
change  the  probability  of  an  event  occurring  in  some  later  period. 

Figure  5-16  shows  the  calculated  Poisson  distribution  using  equation  (5-2)  with 
different  mean  value  n.  Note  the  different  shapes  of  Poisson  distributions  at 
different  mean  values  (m).  For  1 .8  > ji  > 1,  the  maximum  number  of  occurrences 
is  when  X = 1.  For  m = 1,  X = 0 and  X = 1 have  the  same  maximum  number  of 
occurrences.  For  n < 1,  the  maximum  number  of  occurrences  shifts  from  X = 1 
toX  = 0. 


To  assure  that  only  one  molecule  resides  within  the  probe  volume  at  any 
given  time,  the  probability  of  two  or  more  than  two  molecules  occupying  the  probe 
volume  must  be  minimized.  Assume  the  number  of  molecules  in  the  probe  volume 
during  the  transit  time  follows  the  Poisson  distribution.  The  probability  that  n 
molecules  occupy  the  probe  volume  simultaneously  is  given  by 


mean  (rf 


Figure  5-16  Poisson  distribution  at  different  i 


P(N,., 


(5-3) 


N,  s number  of  molecules  arrived  at  time  t 

X,  ■ average  number  of  molecules  in  probe  volume  per  time 

segment. 

m • number  of  time  segments  per  transit  time. 

At  [IR140]  = 1.5x10  ’3  M,  the  average  number  of  molecules  in  the  probe  volume 
(1.05  pL)  is  0.1.  Therefore  X,  = 0.02  and  m = 5 for  1 ms  transit  time  and  200  ns 
time  segment.  Table  5-2  gives  the  probability  (estimated  from  equation  (5-3))  for 
different  numbers  of  molecules  occupying  the  probe  volume  at  any  given  time. 
Most  of  time,  there  is  no  molecule  in  the  probe  volume  (P(n=0)  = 0.905).  The 
probability  of  one  molecule  occupying  the  probe  volume  is  P(n=1)=0.090  while 
the  probability  of  multiple  occupancy  (P(n  > 2) =0.005)  is  relatively  low  and  can  be 
neglected. 

Model  for  the  Arrival  of  Single  Molecules 

For  single  molecule  detection  (if  the  solution  Is  well  mixed  and  the  flow  rate 
is  constant),  the  number  of  molecules  (NJ  in  the  probe  volume  during  the  transit 
time  will  be  assumed  to  follow  a Poisson  distribution.  The  assumption  of  a 
Poisson  distribution  of  N„  is  considered  valid  in  low-level  experiments  if  the 


Table  5-2  The  probability  for  different  numbers  of  molecules  occupying  the  probe 
volume  at  any  given  time  ([IR140]  = 1.5x10  " M,  probe  volume  = 1.05  pL). 


3.  Molecules  in  Probe  Volume 


appearance  of  a molecule  in  the  probe  volume  is  due  fo  a random  process.  In 
addition,  the  distribution  in  the  number  of  signal  counts  (in  this  case,  number  of 
photoelectrons  from  single  molecules)  detected  during  the  transit  time  will  generally 
follow  the  Poisson  distribution  because  of  the  nature  of  the  distribution  of  N„.  The 
observed  number  of  signal  counts  X(t)  at  time  unit  t is  given  by 

X{t)=Z(t)*  B(t)  (54) 

if  A(t)  + A(t-1)  +...+  A(t-m-1)>1  (at  least  one  molecule  In  one  of  time  segments) 

XU)-B(t)  (5-5) 

if  A(t)  + A(t-1)  + ...  + A(t-m-1)  = 0 (no  molecule  in  any  time  segment) 

Z(t)  = signal  counts  from  analyte. 

B(t)  ■ signal  counts  from  blank. 

A(t)  B N,-Nm 

(number  of  molecules  arrived  for  every  time  segment). 
Assume  signal  counts  emitted  from  analyte  (Z(t))  and  blank  (B(t))  are  two 
independent  processes  and  both  follow  the  Poisson  distribution.  Hence  the 
observed  probability  to  detect  n signal  counts,  P(X,=n),  is  given  by 


P(Xr-  n)  = r P(Br-  n)  > (1  - r ) P(Z,  < B,=  n) 


(5-6) 


P(X,=n) 


IR140 


probability  to  detect  n signal  counts  from 
data  at  time  t 

P(B,=n)  = probability  to  detect  n signal  counts  from  methanol  raw 

data  at  time  t 

P(Z,+  B,=n)  ■ probability  to  detect  n signal  counts  from  both  IR140 
and  methanol  at  time  t. 

r s proportional  constant  (to  be  evaluated). 

Equation  (5-6)  can  be  rewritten  as 

where 

A«  ■ average  signal  counts  per  time  segment  in  IR140  raw  data 

Ab  ■ average  signal  counts  per  time  segment  in  methanol  raw  data. 

b average  signal  counts  per  time  segment  in  analyte. 

(to  be  evaluated) 

Since  A,  and  Aa  can  be  obtained  from  the  IR140  and  methanol  raw  data,  hence  A, 
and  r can  be  estimated  by  solving  the  non-linear  equation  for  n =■  0 and  n = 1. 

Counting  the  Motors 


The  typical  experimental  parameters  for  single  molecule  detection  are  given 


in  Table  5-3.  Figure  5-17  and  Figure  5-18  show  the  raw  data  for  the  blank 
(methanol)  and  IR140  (1.5x10"  M)  when  excited  at  50  mW,  100  mW,  and  150  mW 
laser  powers.  At  [IR140]  = 1.5x10"  M,  the  average  number  of  molecules  in  the 
probe  volume  at  any  time  is  0.1.  There  is  a clear  difference  between  the  IR140 
and  the  blank  raw  data.  The  number  of  photoelectron  counts  collected  in  each 
200-ms  segment  is  displayed  within  a total  of  200  ms  measurement  time.  The 
sample  flow  velocity  is  reduced  to  0.061  ML/min  so  that  it  takes  approximately  1 
ms  for  a single  IR140  molecule  to  transit  the  laser  beam.  Therefore,  during  a 
single  analytical  run  of  200  ms,  20  molecules  on  the  average  should  pass  through 
the  probe  volume.  Table  5-4  summarizes  the  average  number  of  photoelectron 
signal  counts  per  200  ms  segment  for  the  blank  and  IR140  molecules  at  different 
laser  powers. 

The  observed  and  fitted  signal  counts  using  equation  (5-7)  are  summarized 
in  Table  5-5.  A comparison  of  observed  and  fitted  signal  counts  for  IR140  and 
methanol  are  shown  In  Figure  5-19  and  Figure  5-20,  respectively.  The  goodness 
of  fit  implies  that  the  noise  in  the  detection  process  is  limited  by  photon  statistics 
(Poisson  distribution).  A histogram  of  signal  counts  from  [IR140]  = 1.5x10  " M 
and  the  blank  at  different  laser  powers  is  shown  in  Figure  5-21.  Note  that  there 
are  many  more  high  signal  counts  in  the  IR140  raw  data  than  in  the  blank. 
However,  it  is  difficult  to  identify  and  isolate  the  photon  bursts  from  Individual  single 
molecules  due  to  the  large  overlap  of  signal  counts  between  IR140  and  blank. 
Nevertheless,  each  of  the  high  signal  counts  {>  3 counts)  in  the  IR140  raw  data 


1 5-3  Experimental  parameters  used  tor  single  molecule  detection. 
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Figure  5-17  Raw  data  for  methanol  at  different  laser  powers. 


Figure  5-18  Raw  data  for  IR140  at  different  laser  powers. 


Table  5-4  The  average  signal  counts  per  time  segment  from 


and  blank. 
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Figure  5-19  Observed  and  fitted  signal  counts  for  IR140. 


Figure  5-20  Observed  and  filled  signal  counts  for  methanol. 


Figure  5-21  Histograms  (raw  data)  for  IR140  and  blank. 


does  Indeed  represent  a single  molecule  (see  Figure  5-18). 

It  is  possible  to  estimate  the  average  number  of  events  expected  as  single 
IR140  molecules  transit  through  the  focused  laser  beam.  Here,  the  number  of 
events  is  the  number  of  time  segments  with  any  signal  counts  from  IR140.  The 
number  of  events,  N„  for  all  molecules  traveling  through  the  probe  volume  during 
the  measurement  time  T can  be  estimated  from 


N„  ■ number  of  events  from  single  molecules  during  the 

measurement  time. 

N0  • average  number  of  molecules  in  probe  volume, 

r,  ■ transit  time  of  single  molecules  in  probe  volume, 

m ■ number  of  time  segment  per  transit  time. 

For  a typical  experimental  run  (N.-0.1,  T=200  ms,  m=5,  and  r,=1  ms),  the 
calculated  total  number  of  events,  N,„  is  100. 

To  obtain  the  photon  bursts  from  individual  single  molecules,  various  signal 
processing  methods  have  been  proposed  for  the  continuous  detection  and 
monitoring  of  molecules  entering  the  probe  volume.’'-”'™-1'1*''"”  The  individual 
photon  bursts  are  analyzed  and  searched  within  the  data  stream  in  order  to  obtain 
direct  evidence  for  single  molecule  sensitivity.  To  enhance  the  visibility  of  photon 


bursts  from  single  molecules,  the  weighted  quadratic  summing  (WQS)  filter,  a 
modified  sliding  sum  method,  has  been  evaluated  and  demonstrated  to  be  an 
efficient  photon  burst  indicator  of  a passing  single  molecule  in  previous  single 
molecule  detection  experiments.  The  raw  data  is  squared  and  processed  with  the 
WQS  filter  algorithm,  which  Is  given  by 

$(')  = i'(t)  *V*t)  (5-9) 

where  m covers  time  intervals  which  are  approximately  equal  to  the  transit  time  of 
a single  molecule  through  the  probe  volume,  w(r)  is  a weighted  factor,  and  d(t+  r) 
is  the  raw  data  point  at  time  t+r.  As  the  molecules  cross  the  laser  beam,  the 
fluorescence  signal  increases  slowly,  followed  by  an  abrupt  cessation,  when  the 
molecule  is  photodecomposed.  To  best  discriminate  the  time-correlated 
fluorescence  signal  from  the  random  background  noise,  the  weighing  factor,  w(r), 
is  chosen  as  an  asymmetric  triangular  ramp, 

= (5-10) 

In  the  present  experimental  system,  since  the  average  transit  time  of  IR140 
molecules  in  the  probe  volume  is  1 ms,  m is  set  to  5 for  a counter  with  200  ys  time 
segment. 

Figure  5-22  and  Figure  5-23  show  the  WQS  filtered  data  for  (IR140J  = 1.5 


Figure  5-22  WQS  data  for  IR140  at  different  laser  powers. 


Figure  5-23  WQS  data  for  methanol  at  different  laser  powers. 


x 10  ” M solution  and  methanol  blank,  respectively.  Within  the  200  ms  sampling 
time,  approximately  20  molecules  pass  through  the  probe  volume.  The  large 
amplitude  bursts  from  the  IR140  solution  are  clearly  evident  tor  single  molecules 
passing  through  the  center  ot  laser  beam.  The  variation  in  the  burst  amplitude 
arises  from  the  molecules  flowing  through  different  parts  of  the  Gaussian  intensity 
laser  profile.  When  the  molecules  travel  through  the  edges  of  the  laser  beam,  they 
experience  fewer  excitation  cycles  and  thus  emit  fewer  fluorescence  photons. 
Variations  in  the  solvent  blank  photoelectron  bursts  are  due  to  fluctuations  of 
background  and  dark  counts. 

In  order  to  evaluate  the  detection  efficiency  for  the  near-IR  dye  molecules, 
a plot  of  the  cumulative  number  of  WQS  filtered  events  exceeding  a discriminator 
threshold  is  constructed  for  the  solvent  blank  and  the  dye  solution.  Figure  5-24, 
Figure  5-25,  and  Figure  5-26  show  the  results  of  this  analysis  when  excited  at  50 
mW,  100  mW,  and  150  mW  laser  powers,  respectively.  Since  the  spatial  probing 
efficiency  is  near  100%,  the  measurement  efficiency  is  defined  as  the  ratio  of 
measured  to  expected  total  number  of  events  for  molecules  flowing  through  the 
capillary.  To  minimize  the  false  positive  probability  from  the  blank,  the 
discriminator  threshold  Is  set  at  S(t)=4, 6,  and  9 for  50  mW,  100  mW,  and  150  mW 
laser  powers,  respectively.  The  number  of  events  that  exceed  the  threshold  for  the 
IR140  molecules  is  found  to  be  105, 107,  and  109  within  this  laser  power  range, 
while  less  than  1 event  is  due  to  blank.  Since  the  expected  number  of  events 
during  this  200  ms  sampling  time  is  approximately  100  (see  equation  (5-8)),  the 
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Figure  5-24  Histogram  (WQS)  of  IR140  and  methanol  at  50  mW  laser  power. 
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Figure  5-26  Histogram  (WQS)  of  IR140  and  methanol  at  150  mW  laser  power. 


detection  efficiency  is  calculated  to  be  slightly  above 


£>,  which  is  believed  I 


due  to  errors  in  the  estimation  of  analyte  concentration  and  the  probe  volume. 
Table  5-6  summarizes  the  total  number  of  measured  and  expected  events  from  a 
single  molecule  with  excitation  at  different  laser  powers.  A higher  discriminator 
threshold  is  required  when  the  laser  power  is  increased  while  maintaining  similar 
detection  efficiency.  To  designate  photon  bursts  from  single  molecules,  the  raw 
data  stream  is  compared  with  WQS  filtered  data.  The  corresponding  raw  data 
points  with  WQS  amplitude  higher  than  the  specific  discriminator  threshold  are 
binned  to  five  (200  ms  x 5)  within  the  200  ms  sampling  time.  To  locate  the  photon 
bursts  from  single  molecules,  Figure  5-27,  Figure  5-28,  and  Figure  5-29  show  the 
raw  data  as  well  as  WQS  filtered  data  for  [IR140]  -1.5x10"  M for  laser  powers  of 
50  mW,  100  mW,  and  150  mW.  Positions  of  five  consecutive  time  segments  with 
large  sums  of  events  are  indicated  as  *.  The  average  number  of  photoelectrons 
detected  from  a single  IR140  molecule  while  traveling  through  the  probe  volume 
per  transit  time  are  9.1,  6.6,  and  5.4  for  150  mW,  100  mW,  and  50  mW  laser 
power,  respectively  (see  Table  5-6).  An  expanded  plot  for  IR140  raw  data  at  150 
mW  laser  power  is  shown  in  Figure  5-30.  When  a molecule  passes  through  the 
laser  beam,  the  distribution  in  time  of  the  segment  counts  should  mirror  the 
Gaussian  profile  of  the  laser  beam.  However,  for  low  photoelectron  counts, 
Poisson  noise  severely  distorts  the  Gaussian  nature  of  the  distribution.  An 
additional  complication  in  this  experimental  arrangement  is  that  some  of  the 
molecules  pass  near  the  edge  of  the  focused  laser  beam.  This  affects  the 


5 Number  of  events  from  a single  molecule  at  different  la 


measured  events 


av  photoelectrons  per  molecule' 


*.  Average  number  of  photoelectrons  per  molecule  is  calculated  as  (zCJ  / N, 
where  N is  the  number  of  molecules  with  WOS  amplitude  higher  than  the 
discriminator  level  and  C,  is  the  photon  counts  from  an  individual  molecule  using 
the  raw  data. 
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Figure  5-27  Copmparison  of  WQS  i 
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Figure  5-30  Expanded  raw  data  tor  IR140  at  150 1 


histogram  and  makes  the  exact  counting  of  the  molecules  more  difficult.  Since  the 
average  background  counts  per  transit  time  is  s 1 count,  5 or  more  signal  counts 
justifies  the  use  of  the  limit  of  detection  (LOD)  concept,  but  does  not  justify  the 
case  of  the  limit  of  guarantee  (LOG),  as  discussed  in  Chapter  2. 

Table  5-7  summaries  the  results  for  the  visible  single  molecule  detection  (R- 
6G")  and  the  near-IR  single  molecule  detection  (IR132”  and  IR140).  When 
compared  with  visible  R-6G  molecules,  the  excitation  and  observation  wavelengths 
have  been  shifted  by  approximately  300  nm  into  the  near-IR  region  of  the 
spectrum.  The  principle  advantage  of  the  large  shift  into  the  near-IR  is  a significant 
reduction  in  the  fluorescence  from  impurities  in  the  background  due  to  the  fact  that 
these  impurities  demonstrate  negligible  excitation  cross  sections  in  the  near-IR. 
The  result  is  a lower  discriminator  threshold  and  a higher  single  molecule  detection 
efficiency. 

Although  the  average  photon  yield  per  molecule  is  lower  for  IR140  with 
similar  photon  detection  efficiency  as  compared  to  IR132,  the  measurement 
efficiency  is  two  orders  of  magnitude  higher  because  the  whole  capillary  Inside 
diameter  is  fully  illuminated  with  the  laser  beam  to  assure  near  100%  spatial 
probing  efficiency. 


Table  5-7  Comparison  of  single  molecule  detection  for  R-6G,  IR132,  and  IR140 


b.  Data  taken  from  reference  33. 

d.  The  number  in  parenthesis  is  spectral  bandpass. 

e.  Laser  power  = 150  mW. 


CHAPTER  6 

CONCLUSIONS  AND  FUTURE  WORK 


Conclusions 

In  summary,  this  work  has  demonstrated  the  photon  burst  detection  of  a 
single  near-IR  molecule  (IR140)  with  high  efficiency.  There  are  several  components 
that  are  interesting  and  relevant  in  the  area  of  single  molecule  detection.  For 
example,  the  use  of  the  metal  vapor  filter  and  the  high  sampling  efficiency 
produced  by  Irradiating  the  entire  internal  diameter  of  the  capillary  tube  are  unique. 
A rubidium  metal  vapor  filter  has  been  shown  to  be  successful  in  rejecting  laser 
specular  scatter  from  the  capillary.  The  generalized  Lorentzian  approximation  for 
the  Voigt  spectral  line  shape  is  applied  to  simulate  the  absorption  profile  of  the 
rubidium  metal  vapor  filter  at  different  temperatures.  The  measured  absorbance 
of  the  rubidium  metal  vapor  filter  at  170  °C  is  determined  to  be  8.  The  maximum 
absorbance  is  believed  to  be  limited  by  the  background  fluorescence  from  the 
Tirsapphire  laser.  The  use  of  near-IR  excitation  and  detection  will  benefit  the 
ultrasensitive  fluorescence  detection  due  to  reduced  background  noise  sources 
from  impurities.  When  compared  with  the  molecules  absorbing  in  the  visible 
region,  IR140  dissolved  in  methanol  is  less  photolabile  due  to  the  lower 
photodestruction  quantum  efficiency  (Q„=2.5x10*).  The  sample  flow  is  confined 


in  a fused  silica  capillary  with  11-pm  inner  diameter.  In  order  to  have  a 100% 
spatial  probing  efficiency,  the  capillary  is  irradiated  with  the  focused  laser  beam 
(diameter=11  pm).  The  probe  volume  within  the  capillary  is  estimated  to  be  1.05 
pL  The  fluorescence  signal  has  good  linearity  for  at  least  4 orders  of  magnitude 
from  1.5x10”  M to  1.5x10*  M.  A mathematical  model  based  on  the  Poisson 
distribution  has  been  successfully  applied  to  describe  the  events  (photoelectrons) 
coming  from  single  molecules.  To  enhance  the  detection  of  single  molecules,  a 
digital  weighted  quadratic  summing  filter  is  applied  to  extract  the  individual  photon 
bursts  from  the  raw  data.  By  setting  the  discriminator  threshold  to  minimize  the 
false  positive  probability,  the  average  number  of  signal  counts  detected  from  a 
single  IR140  molecule  are  5.4,  6.6,  and  9.1  for  laser  powers  of  50  mW,  100  mW, 
and  150  mW,  respectively.  Since  the  average  background  count  per  transit  time 
is  less  than  1,  a signal  count  of  greater  than  5 Justifies  the  concept  of  LOD=1 
molecule,  but  does  not  justify  the  case  of  LOG  = 1 molecule. 


Preliminary  results  in  this  dissertation  have  indicated  the  capability  of  single 
molecule  detection  by  laser-induced  fluorescence/metal  vapor  filter  configuration. 
The  direction  of  future  studies  should  be  toward  the  evaluation  of  excitation 
sources,  new  near-IR  fluorescent  molecules,  metal  vapor  filters,  detection  systems, 
data  analysis,  as  well  as  practical  applications. 

The  argon  ion-pumped  Tiisapphire  laser  is  expensive  for  the  laser-induced 
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fluorescence  experiments.  A commercial  diode  laser  with  1 to  10  mW  laser  power 
will  have  a narrow  line  width  of  < 100  kHz  in  a 1 ms  time  period  and  < 5 MHz  in 
a 5 sec  time  period  with  stability  within  0.003  cm'1  and  coarse  tuning  over  a 10  - 
20  nm  range.  In  addition  to  being  compact,  economic,  stable,  simple,  and  long- 
lived,  a diode  laser  should  be  considered  as  the  ideal  excitation  source  for  single 
molecule  detection. 

To  be  used  as  a fluorescence  probe  for  biologically  important  molecules, 
different  near-IR  dyes  must  be  evaluated.  Especially,  studies  should  be 
emphasized  for  those  dyes  which  absorb  at  wavelengths  a 670  nm,  with  high 
fluorescence  quantum  efficiency,  with  good  solubility  in  aqueous  or  near  aqueous 
solutions,  and  with  functional  groups,  like  NH„  which  are  suitable  for  derivatization 
with  NCS  groups. 

Because  of  the  role  in  rejecting  laser  specular  scatter,  the  metal  vapor  filter 
must  be  justified  through  an  evaluation  of  the  theoretical  absorption  spectral  profile 
and  experimental  transmission  measurements  for  different  applications.  Since  this 
work  involves  the  use  of  near-IR  dyes,  it  will  be  interesting  to  consider  other  atomic 
species  elements  with  strong  resonance  transitions  in  the  670  nm  - 1000  nm 

With  the  present  system,  a single  photon  avalanche  photodiode  was  used 
for  single  molecule  detection.  Unfortunately,  this  detector  has  a 50  ns  dead  time, 
which  means  that,  after  a photon  is  detected,  the  detector  will  not  detect  incoming 
photons  until  recovery  from  the  breakdown.  The  dead  time  will  limit  the  maximum 


photon  counting  rats  and  cause  the  single  photon  avalanche  photodiode  to 
miscount  the  photons  from  the  single  molecules.  So  it  is  important  to  find  a 
detector  with  a shorter  dead  time  for  photon  counting  experiments.  In  one  task, 
using  the  PMT  as  the  detector,  the  S/N  ratio  improved  at  least  3-fold  even  though 
the  electronic  device  had  a 2-ms  dwell  time  between  each  sampling  point 
Therefore  the  performance  of  the  PMT  and  the  single  photon  avalanche 
photodiode  should  be  evaluated  for  single  molecule  detection. 

Because  the  single  photon  avalanche  photodiode  has  a very  small  active 
area  with  diameter=50  pm,  a microscope  objective  (NA=0.65)  currently  focused 
the  fluorescence  from  capillary  onto  a optical  fiber  (NA=0.29)  which  was 
prealigned  to  the  detector.  The  coupling  in  numerical  apertures  between 
microscope  objective  and  optical  fiber  becomes  another  issue  for  S/N  ratio 
optimization  for  single  molecule  detection.  Since  the  collected  photon  flux  is 
proportional  to  the  square  of  the  numerical  aperture,  approximately  a 5-fold  loss 
in  signal  is  possible  due  to  the  miscoupling  in  the  numerical  aperture.  Therefore, 
an  optical  fiber  with  large  numerical  aperture,  similar  to  that  of  microscope 
objective,  will  also  increase  the  signal  counts  for  single  molecule  detection. 

If  the  signal-to-noise  ratio  is  high,  the  photon  bursts  from  individual  single 
molecules  should  be  easily  identified.  However,  a statistical  model  is  required  for 
data  analysis  when  the  size  of  photon  burst  is  small  as  in  this  work.  A model 
based  on  the  Poisson  distribution  provides  good  agreement  between  the 
experimental  and  the  theoretical  results.  How  to  locate  every  single  molecule  as 


it  passes  through  the  probe  volume  becomes  the  other  Important  Issue  for  single 
molecule  detection.  Therefore,  a sophisticated  model  is  essential  to  simulate  the 
events  coming  from  the  arrival  of  single  molecules. 

Finally,  as  mentioned  in  Chapter  1.  there  will  be  several  practical 
applications  for  single  molecule  detection  in  the  capillary  flow  cell.  Coupled  with 
the  ultrasensitive  detection  apparatus  and  the  near-lR  excitation,  it  should  be 
possible  to  apply  near-IR  single  molecule  detection  to  several  different  areas  where 
ultrasensitive  detection  is  critical,  for  example,  DNA  sequencing,  flow  cytometry, 
immunoassay,  and  any  miniaturized  chemical  separation  techniques  involving 
capillary  zone  electrophoresis,  open  tubular  capillary  liquid  chromatography,  and 
packed  capillary  liquid  chromatography. 
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